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TO THE NBADER:

'this reyort is a preliminary copy of rart of a larger
nreposed velume dealing with stilling basin design. The contents
nf the entire proposed report are described under "Scopre" and the
portion presented here is given in the "Contents." * It was decided
to distribute this tentative issue because of the reaction of the
designers who saw portions of the manuscript in draft form. Without
excertion, they expressed their desires to have it made avallable
even in tentetive form.

Various members of the Hydraulic -Laboratory Staff have
contributed critical comments to this issue. It is requested that
you read this portion of the report critically and apply the data
and methods to your problems, Any inconsistencies or incomplete
sections should be noted and your comments and criticisms forwarded
t0 the Hydreaulic Laboratory.

Tt is hoped that with your help, this volume will become
a usable source of information in the design of stilling basins for
all types of structures. Your frank criticisms and comments are
desired.

J. N. Bradley
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Engineering Laboratories Compiled by: J. N. Bradley
Denver, Colorado ~
June 11, 195k

Subject: Progress report, research gtudy on stilling basins and bucket
dissipators

INTRODUCTION

Although the Bureau of Reclamation has designed and construce
ted hundreds of stilling basins and energy dissirpation devices in con-
junction with spillways, outlet works, and canal structures, it has been
necessary in many cases to moke model studies of individual structures
to be assured that these will cperate &s anticipated. The reason for
this procedure in many cases can be linked to the fact that a factor of
uncertainty exists which in retrospect is related to an incomplete under-
standing of the over-all characteristics of the hydraulic jump. This is
especially understandable to the author, in that extensive library
research has failed to reveal the information desired. Past experiments
on the hydraulic jump have been made in .a piecemeal manner; the
connecting links are vague or nonexistent..

Purpose

Due to numerous requests for up-to-date hydraulic design
information on stilling basin and bucket dissipators, the laboratory
initiated a general research program on the hydraulic jump in ‘1952, It
was planned to begin the program with a rather academic study of the
hydraulic jump, observing all phases as it occurs . in open channel flow.
Then with a supposedly broader understanding .of this phenomenon, proceed
to the more practical aspect of stilling baaln and bucket d1°51pator
design. ‘

Stilling basins will be defined as structures in which all or
part of & hydraulic jump is confined. Other structures, such as
buckets, which do not operate on the hydraulic jump principle, will be
designated as energy dissipators. No single stilling basir or bucket
design performs best for all types of installations encountered in
practice as the various stilling basins and buckets have physical
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limitations. For example the capacity of a stilling basin having blocks
or baffles on the floor is limited by the ability of these appurtenances
to remain intact under the most sdverse conditions imposed upon them.

It will be possible to consider only a few of the many facets in the
design of these structures. ‘

The preactical aspect of the investigations will be an attempt
t0 generalize the hydraulic design of existing structures, develop new
or improved designs where needed, and determine tentative limitations
as to size and capacity of the various structures.

Scope

The program as planned dezls with the hydraulic‘design of. the
folloving structures which will appear in the order shown:

1. General investigation of the hydraulic jump‘on horizontal
apron

2. Stilling tasin, with horizontal apron utilizing chute
blocks at upstream énd and dentated sill at downstream end, such as
are often used on earth dam spillways. The appurtenances modify the
jump causing it to form in a shorter than normal length

3. Unusually short type of stilling basin suitable for canal
structures, small outlet works, and small spillways where additional
baffle blocks result in a further shortening of the jump ‘

L, Wave suppressors for small canal structures and diversion
dams where the hydraulic jump is unstable '

5. Stilling basin with sloping apron for large capacities and
high velocities, where appurtenances in basin are undesirable

6. The overchute type of dissipator where baffle blocks ‘
distributed over the entire length and width of the chute dissipate
the energy in the water as it falls

T. A stilling basin for diversion dams where temporafy
retrogression is expected

8. A stilling basin for diversion dams which can accommodate
both free and subtmerged flow

9. The slotted bucket for medium and low overféll dams




10. The solid bucket for overfall dams at which an excess of
tail water exists, and

11. The flip bucket vhich discharges above the tail water.

A large portion of the information for the designs to be
considered was collected from Hydraulic Laboratory records and experience
over a 23-year period, interspersed with tests on some of the same
structures in the field. Also advantage was taken of available litera~
ture on the subject. In spite of the fact that existing literature
and data would fill volumes, the information is far from complete from
an over-all standpoint. It was therefore necessary to supply the
missing information from current experiments.,

Experimental Equipment

Five test flumes were used at one time or another to obtain
the experimental data required in the present test program, Flumes A
and B, Figure 1; Flumes B and D, Figure 2; and Flume F, Figure 3. The
arrangement shown as Flume E, Figure 3, actually occupied a portion of
Flume D during one stage of the testing but it will be designated as
a separate flume for ease of reference. Each flume served a useful
purpose either in verifying similarity or extending the range of the
eXperiments. Flumes A, B, C, D, and E contained overflow sections so
that the entering jets fell into the stilling basins et a vertical angle.
The degree of the angle varied in each case. In Flume F, the entering
Jjet emerged from under a verticel slide gate so the initial velocity
was horizontal. ‘ ~

The experiments were started in a model of the Trenton Dam
spillway, Figure 1A, having.a small discharge and low velocity. This
was not an ideal piece of equipment for general experiments as the
training walls on the chute were diverging. This caused the distribution
of flow entering the stilling basin to shift with eech change in dis-
charge, nonetheless, this piece of equipment served a purpose in that it
aided in getting the research program underway.

Tests were then continued in a glass-sided laboratory flume
2 feet wide and 40 feet long in which an overflow section was installed,
Fiume B, Figure 1. The crest of the overflow section was 5.5 feet ‘above
the floor, while the downstream face was on a slope of 0.7:1. The
capacity was about 10 cfs.

Later, the work was carried on at the base of a chute 18 inches
wide having a slope of 2 horizontal to 1 vertical and a drop of approxi-
mately 10 feet, Flume C, Figure 2. Tne stilling basin had a glass wall
on one side. The discharge capacity was 5 cfs.




TEST FLUME A

Width of basin 5 feet, drop 3 feet, discharge 6 cis

TEST FLUME B
Width 2 feet, drop 5.5 feet, discharge 10 cfs




FIGURE 1

TEST FLUME A

Width of basin 5 feet, drop 3 feet, discharge 6 cfs

TEST FLUME B
Width 2 feet, drop 5.5 feet, discharge 10 cfs




TEST FLUME C
Width 1.5 feet,drop 10 feet, discharge 5 cfs, slope 2:1
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TEST FLUME D
Width 4 feet, drop 12 feet, discharge 28 cfs, slope 0.8:1




FIGURE

TEST FLUME E

Width 4 feet, drop 0.5 to 1.5 feet, discharge 10 cfs

TEST FLUME F
maximum slope 12 degrees, width 12 inches,
Discharge & cfs




The largest scale experiments werc made on a glass-sided
laborstory {lume 4 feet wide and 80 feet long, in which an overfall crest
with a slope of 0.8:1 was installed, Flume D, Figure 2. The drop from
neadwater to tail water in this case was approximately 12 feet, and the
maximum discharpe was 28 cfs.

The downstream end of the above flume was also utilized for
testing small overflow sections 0.5 to 1.5 feet in height. The maximum
discharge used was 10 cfs., As stated above, this piece of equipment
will be designated as Flume ¥, and is shown'on Figure 3.

The sixth piec2 of eyuipment was a tilting flume which could
be adjusted for slopes up to 12°, Flume F, Figure 3. This flume was
1 foot wide by 20 feet long; the head available was 2.5 feet, and the
flow was controlled by e slide gate. The discharge capacity was-.about
3 efs. ‘

Each piece of equipment conteined a head gage, a tall goge, &
scale for measuring the length of the jump, a point gage for measuring
the average depth of flow entering the jump, and a means of regulating
the tail wabter depth. The discharge in all cases was measured through
the laboratory venturi meters or portable venturi-orifice meters. The
tail water depth was measured by & point gage operating in a stilling-
well in rmost of the cases. The tail water depth was regulated by an
adjustable weir at the end of each flume. ' :

.
Remerks

It is felt thet the design information to be presented will be
found economical as well as coffective, yet an effort was made to lean
~oward the conservative side. In other words, a moderate factor of safety
has been included throughout. Thus the information is considered suitable
for general use with the following provision:

It should be madc clear at the outset that the infcrmation
neredn 1s based upon symmetrical and uniform action 'in the stilling
hasins aad buckets. Should entrance conditions or eppurtenances near
<he head of any of these structures tend to produce unsymmetry of.
¢iow down the chute and in the stilling basin, these generalized
designs mey not be adequate., In this case it may be advisable to
make the basin in question of a more symmetrical nature, more conser-
vative, or it may be wise to invest in a model study. Also, should
greater economy be desired than these generalized designs indicate,

a model study is recommended.




SECTTON 1
GENERAL INVEGSTIGATION OF THE HYDRAULIC
JUMP ON HORIZONTAL APRON
(BASIN 1)

Introduction

A tremendous amount of exnerimental, as wvell as theoretical,
work has been performed in connection with ‘the hydraulic jump on a2
horizontal apron. To mention a few of the nxperlnnnteru who contributed
basic information, there are: Bakhmeteff ond Matzke 1/ 9/, Safranez 3/,
Woycicki 4/, Chertonosov lO/ Einwachter ll/ Elms 127, Hinds 14/,
Forcheimer 21/, Kennison 22/, Kozeny 23/, “Renbock 257, Schoklitsch 25/,
Woodward 26": and others.” There is probablj no phase of hydraulics that
has received more attention, yet, from a practical viewpoint there is
still much to be learned.

As mentioned previously, the first phase of the present study
was acedemic in nature consisting of correlating the results of others
and observing the hydraulic jump throughout its various phases; the

rimary purpose being to become better acquainted with the over-all jump
phenomenon. The objectives in mind were: (1) to determine the appli-

cability of the hydraulic jump formula for the entire range of conditions
experienced in design; (2) as only a limited amount of information exists

on *he length of jump, it was desired to correlate existing data and
extend the range of these determinations; and (3) it was desired tn
observe the various forms of the jump and to catalog and evaluate them.

Current Experimentation

To satisfactorily observe the hydraulic jump throughout its
entire range required a testing program in all of the gix flumes shown
on Fisures 1, 2, and 3. This involved about 125 tests, Table 1, at
discharges from 1 to 28 cfs. The number of flumes used enhanced the
value of the results in that it was possible to observe the degree of
similitude obtained for the various scales. Greatest reliance was
naturally pleced on the results from the larger scales, or larger flumes,
a5 it is well known that the jump action in small models occurs too
rapidly for the eye to follow details. Incidentally; the lengtn of jump
obtained from the two smaller flumes, A and F, was consistently shorter
than that observed for the larger flumes. This was the result of out-of-
scale frictional resistance on the floor and side walls. As testing
advanced and this deficiency became better understood, some allowance
was made for this effect in the obscrvations.
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Experimental Results

Deflinitions of the symbols used in connection with the hydraulic
Jump on a horizontal floor are shown on Figure 4, The procedure followed
in each test of this series was to first establish a flow. The tail
water depth was then gradually increased until the front of the jump
moved upstream to Section 1, indicated on Figure 4. The tail water was
then measured, the length of the jump recorded, and the depth of flow
eatering the jump, Dy, was obtained by averaging & generous number of
point, gage measurenents taken immediately upstream frcm Section l,
Figure 4. The results of the measurements and succeeding computations
are tabulated in Table 1. The measured quantities are tsabulated as
follows: total discharge (Column 3), tail water depth, which should be
the conjugate depth in this case (Lolum1 6), length of jump (Column 11),
and depth of flow entering jump (Column 8).

Column 1 indicates the test flumes in which the experiments
were performed, and Column L4 shows the width of each flume. All compu-
tesions are based on discharge per foot widtl of flume, or qQ, and unit
discharges are shown in Column 5.

The velocity entering the jump Vi, Column T, was computed by
dividing q (Column 5) by D1 (Column 8).

The Froude Nurber

Th« Froude number, Coluﬁn'lO, Table 1, is simply:

(1)

» ¥y is a dimensionless parameter, V; =znd Dl are VA10c1Ly and dnv+h

cw, respectively, entering the Jumo and g is the ccceleration of
] The law of similitnde states that wvhere gravitational forces
arederinate, as they do ir open channel phenomenon, itne Froude number
should be the same value in model and prototype. Although enercy con-
versions in a hydraulic jump bear rome relation to the Reynolds number,
gravity forees predominete and, the Froude number is very useful Yor
plotting stilling basin charahuﬁr*stics. Eabkmeteff
deronstrated this application in 1936 when they rel atodrstfll‘
characteristics to the squere of the Froude number of Yo . -
“his expression the kinetic flow factor. [
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The Froude nurber wi:L te used throupibeutr whis pres-ntation.
relpratlon of gravity is a constant, Lthe werm g could be onmitted.
sion nahns the oxpre531on dimensionless, however, and the form




Total discharge in c.f.s.
Width of flume in feet.
Discharge in c.fs. per foot of width.
Energy entering jump.
= Energy leaving jump.
Vi
= Froude number - 5

= D,-D; - Height of jump.

— —

E,-E, = Energy loss in jumpy
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Arplicavility of Hydraulic Jump Formula

The theory of the hydraulic jump in horizontel channels has
been trecated thoroughly by others (see Bibliography), and will not be
repeated here. The expression for the hydraulic jump, based on
presoure-momentum, occurs in many forms. The following form is most
commonly used in the Bureau 15/. '

’W ? 2
Dj D v D
D2=-—-§+ i-ﬁ- :El' 1 (

This moy also be written:

N
~——

D} /D?  2v,@ p,°
=ttt gD1

Carrying Dy over to the left side of the equation and
substituting Fl? for V1©
&0y’

D2 / e e °~_§
Dy = - Mes 1/4 + 2Fy

Do —5

B, = 1/% (’V'L + EFIQ‘- 1) ' (3)

Expression (3) shows that the ratio of conjugate depths is
strictly a function of the Froude number. The ratio D2 is plotted with
respect to tine Froude number on Figure 5. The line, DI which is virtually
suraicht except for the lower end, represents the above. expression for
vthe hydrazulile jump; while the points which are experimental -are from
Columns 9 and 10, Tabtle 1. The azgreement is quite good for the entire
range. There is an unsuspected characteristic, however, which should be
wentioned here but will be enlarged on later.

Although the tail water depth, recorded in Coluion 6 of Table 1,
war sufficient to bring the front of the jump to Section 1 (Figure 4) in St
ezch test, the ability of the jump to remain at Section 1 for a slight =y
lowering of tail water depth beecame nmore difficult for the higher and e
rover values of the Froude number. The jump was least sensitive to
variation in tail water depth in the middle range, or values of Fj from
4.5 %o 9.
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Length of Jump

The length of the jump, Column 11, Table 1, was the most diffie
cult measurement to determine. In cases where chutes or overfalls were
used, the front of the jump was held near the intersection of the chute
and the horizontal floor, as shown on Figure 4. The length of jump was
measured from this point to a point downstream where either the high-
velocity jet began to leave the floor or to a point on the surface
immediately downstream from the roller, whichever was the longer. 1In
wne case of Flume F, where the flow discharged from a gate onto a
horizontal floor, uhe front of the Jjump was maintained just downstream
from the completed contraction of 'the entering jet. The point at which
the high-velocity Jjet begins to rise from the floor is not fixed, but
tends to shift upstream and downstiream. This is also true .of the roller
on the surface. 1t was at first difficult to repeat length observations
within 5 to 10 percent by either criterion, but with practice satisfactory
measurements became possible.

A system devised to measure velocities on the bottom, to aid
in determining the length of jump, proved inadequate and too laborious
to allow completion of the program plenned. Visual observations, there-
fore, proved to be the most satisfactory as well as the most rapid
method for determining the length measurement. It was the intention to
Judgze the lengtn of the jump fronm a prac»icul standpoint; in other words,
the end of the jump, as chosen, would represent the end of the concrete
floor and side walls of a conventional stilling ba51n.

The length of jump has been plotted in.two ways. Tne first. is
pernaps tne better method while ithe second is the more common, The
first method is shown on Figure 6 where the ratio length of jump to D3
(Column 13, Table 1) is plotted with respect to the Froude number,
(Colwan 10) for results from the six test flumes. The resulting curve
is fairly flat, which is the principal advanuage gained by -the use of
these coordvnates. The second method of plotting, where the ratio of"
length of jump tc the conjugate tail water depth Dp (Column 12) is
plotted with respect . tc the Froude number, is presented on Figure T.
This latter method of plotting will be used throughout the study. The
points represen' the experimental values, :

In addition to the curve established by the test points, curves
representing the results of three other experimenters are shown on Figure
7. The best known and most widely accepted curve for length of jump is
that of Barhmeteff and Matz=ze l/ which was determined from experiments
made at Columbia University. The greater portion of this curve, labelled
1, is ai variance with the present experimental results. Because of the
wide use this curve nas experienced, a rather complete explanation is
presented regarding the disagreement,




I NiISvS wz_.j_‘—m‘
g 30 SWH3l NI

dWAPF 40 HLONIT
S3IANLS dANC J1NNVEOAH

FIGURE 6




FIGURE 7

9

I NiSVE "ONITTILS
30 40 SWUHY3L NI
dWNPr 40 HLONIT
S3IGNLS dWNF JI1TNVEGAH

s s o e

4 awnyd
3 awnis 4
Qq awnid
0 swnid
g awnig
v swnig

SRS SPION U

u123g jo A yaag

£10}040Q07 yotunz

S SO SO

puc 33243wyyog

] b i U0i4a0 BUD[(ias | Ao
ot b g ooE 4Qiss0g - BSHISUDILSL T T gsuangany T

n 2 waEsﬁ jsag - ﬁ,.,.:..c‘ VR ,xouotzm -




The experiments of Bakhmeteff and Matzke were perflormed in a
flume O inches wide, with limited head. The depth of flow entering the
Jjump was adjusted by a vertical slide gate. The maximum diccharge was
approximately 0.7 cfs, and the thickness of the jet entering the jump,
Dy, was 0,25 foot for a Froude number of 1.94,., The results up to a
Froude number of 2.5 are in agreement with the present eXperiments.

To increase the Froude number, it was necessary for Bakhmeteff and
Matzke to decrease the gate opening. The extreme case involved a
discharge of 0.14 cfs and a value of Dy of 0.032 foot, for Fy = 8.9,
which is much smaller then any discharge or value of Dy used in the
present experiments., Thus, it is reasoned that as the gate opening
decreased, in the 6-inch-wide flume, frictional resistance in the channel
downstream increased out of proportion to that which would have occurred
in a larger flume ¢r a prototype structure. Thus, the jump formed in &
shorter length than it should. In laboratory language, this is known as
"scale effect,” and is construed to mean that prototype action is not
fait’ :u:- s reproduced. It is quite certain that this was the case for
the major portion of the Bahkmeteff-Matzke curve, In fact/they were
somewhat dubious concerning the small scale experiments.

To confirm the above conclusion, it was found that results
from Flume F, which was 1 foot wide, became erratic when the value of
Dy epproached 0.10. Figures 6 and 7 show three points obtained with a
velue of D of approximately 0.085. The three points are given the
symtol [ and Tell short of the recommended curve.

The two remeining curves, labelled 3 and L4, on Figure 7,
portray the same trend as the curve obtained from the current experi-
ments. The criterion used ty each experimenter for judging the length
of the jump is undoubtedly responsible for the displacement. The curve
labelled 3 was obtained at the Technical University of Berlin on.a
flume 1/2-meter wide by 10 meters long. The curve labelled 4 was
determined from experiments performed at the Federal Institute of
Technology, Zurich, Switzerland, on a flume 0.6 of a meter wide and 7
meters long. The curve numbers are the same as the reference numbers
in the bibliography which refer to the work. ‘ '

As can be observed from Figure 7, the test results from
Plumes B, ¢, D, E, and F plot sufficiently well to establish s single
curve, The five points from Flume A, denoted by squares, appear . some-
what erratic and plot to the right of the general curve. Henceforth,
reference to Figure 7 will concern only the recommended curve which is
considered applicable for general use.




Energy Absorption in Jump

With the experimental information available, it is only =
matter of computation to determine the energy absorbed in the Jump.,
Columns 14 {hrough 18, Table 1, list the computations, and the symhols
may be defined by consulting the specific energy diagrom on Figure k.
Column 14 lists the total energy, Ej, entering the jump at Section 1
for each test, This is simply tne depth of flow, Dy, plus thz velocity
head computed at the point of measurement. The energy leaving the jump,
whirh is the depth of flow plus the velocity:nead at Section 2, is
tabulated in Column 15. The differences in the values of Columns 14 and
15 constitute the loss of energy, in feet of water, attributed to the
conversion, Column 16. Column 18 lists the percentage of ‘energy lost in
the jump Ep, to total cnergy entering jump,Ej. This percentage is plotted
with respect to the Froude number and is shown as the curve to the left
on Figure 8. For a Froude number of 2,0, which would correspond to a
relatively thick jet entering the jump at low velocity, the curve shows
the energy absorbed in the jump to be about 7. percent of the total
energy entering. Considering the other extreme, for a Froude number
of 19, which would be produced by a relatively thin jet entering the.
jump at very high velocity, the absorption by the jump would amount to
85 percent of the energy entering. Thus the hydraulic jump can perform
over a wide range of conditions. There are poor Jjumps and good jumps,
wvith the most satisfactory occurring over the center portion of the
curve,

Another method of expressing the energy absorption in a jump
is to express the loss Ej,_in terms of D). The curve to the right on

Figure 8, shows the ratio?ﬁ% (Column 17, Table 1) plotted against ‘the

Froude number. As there are those who prefer this method of plotting,
the latter curve:has been included.

Forms of the Hydraulic Jump

The hydraulic jump may occur in at least four different dis-
tinct forms on.a horizontal apron, as shown on Figure 9. Incidentally,
all of these forms are encountered in design. The interral character-
istics of the Jump and the energy absorption in the jump vary with each
form. Fortunately these forms, some of which are desirable and some
undesirable, can be cataloged conveniently with respect to the Froude
nunber,

The form shown in Figure 94 can be expected when the Froude
number ranges for 1.7 to 2.5. When the Froude number is unity, the water
would be flowing at critical depth; thus a jump could not form. This
would correspond to Point O on the specific energy diagram of Figure k.

il
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For the values of Froude number between 1.0 and 1.7 there is only a
slight difference irn the conjugate depths Dy and Dp. A slight ruffle

on the water surface is the only apparent feature that differentiates
this from flow with uniform velocity distribution. As the Froude

number approaches 1,7, & series of small rollers develop on the surface
as indicated in Figure 9A, and this action remains much the same but

with further intensification up to a value of sbout 2,5. Actually

there is no particular stilling basin problem involved; the water surface
is quite smooth, the velocity throughout is fairly uniform, and the
energy loss is low,

Figure 9B indicates the type of jump that may be encountered at
values of the Froude number from 2.5 to 4.5. This is an oscillating type
of action, so common in canal structures, where the entering jet
oscillates from botton to surface and back again with no regular period,
Turbulence occurs near the bottom one instant and entirely on the surface
the next. Each oscillation produces a large wave of irregular period
which, in the case of canals, can travel for miles doing unlimited
damage to earth banks and riprap. The case is of sufficient importance
that a separate section, Section 4, has been devoted to the practical
aspects of design. ' ‘

A well stabilized jump can be expected for the range of Froude
nambers between 4.5 and 9 (Figure 2C). In this range, the downstream
extremity of the surface roller, and the point at which the high-

velocity jet tends to leave the floor practically occur in the ‘same
vertical plene. The Jjump is well balanced and the action is thus at its
best. The energy absorption in the jump for Froude numbers from 4.5
tu O ranges from 45 to 70 percent (Figure 8).

As the Troude number increases above 9, the form of the jump
gradually changes to that shown in Figure 9D. This is the case where
V1 is very high, D; 1s ccmparatively small, and the difference in
con’ugate depths is large. The high-velocity jet no longer carries
through for the full length of the jump. In other words, the downstream
sxtremity of the surface roller now becomes the determining factor in
Judrins the length of the jump. Slugs of water rolling down the front
face of the jump intermittently fall into the high-velocity jet generating
additional waves downstream, and a rough surface can prevail. Figure 8
shows that the enersgy dissipation for this case may reach 85 percent.

The 1imits of the Froude number given above for the various
forms of _ump are not definite values, but overlap somewhat depending
on local factors. Returning to Figure 7, it is found that the length
curve catalogs the various phases of the jump quive well. The flat por-
nion of the curve indicates the range of btest operation. The steep
vortvion of the curve to the left definitely indicates an internal change




in the form of the jump. In fact, two changes are manifest, the form
shown in Figure 9A and the form, which might better be called a tran-
sition stage, shown in Fipure 9B. The right end of the curve on
Fizure 7 also indicates a change in form, but to less extent.

Praztical Considerations

As stated previously, it was the intention to stress the
academic rather than the practical viewpoint in thic section. An
exception has been made, as this is the logical place to point out a
few of the practicel aspects of stilling basin design using horizontal
aprons. Viewing the four forms of jump just @iscussed, the following
ic pertinent:

1. All forms are encountered in stilling basin design.

2. The form in Figure 9A requires no baffles or special con-
sideration. The only requirement necessary is to provide the
proper lengih of pool, which is relatively short., This can be
obtained from Figure 7. )

3. The form in Figure 9B is one of the most difficult to
hendle and is frequently encountered in the design of canal structures,
diversion dams, and even outlet works. 3Raffle blocks or appurtenances
in the basin are of little wvalue. daveo are the main source of diffi-
culty and methods for coping with them are discussed in Section L.
Although all four forms of jump have occurred in design in the past,
the present information can be used to restrict the use of the form
which is really objectionable. In many cases its use cannot be
avoided, but in other cases, altering of dimensions may bring it out
of the undesirable range.

L', MNo particular difficulty is’ encountered in.the form shown
on Figure 9C. Arrangements of baffles and sills will be found a
valuable means of shortening the length of basin.

5. As the Froude number increases, the jump becomes more
sensitive to tail water depth. For numbers as low as 8, a tail
water depth greater than the conjugate depth is advisable to be cer-
tain that the jump will stay on the apron. This phase will be dis-
cussed in more detail in the follow1ng sections. ‘

6. When the Froude number is greater than 10, a stilling
basin may no longer be the most economical or satisfactory dissipa-
tion device. The difference in conjugate depths is great, and,
generally speaking, a very deep basin and high training walls are
required. As the hydraulic jump does not perform at its best in




this range, the cest of the stilling basin may not be commensurate
with the results obtained. A bucket type of dissipator may give
comparable results at less cost,

Water-surface Profiles and Pressures

Water-surface profiles for the jump c¢n.s horizontal floor were
not measurzd as these have already been determined by Bakhmeteff and
Matzxe 1/, Newman and LeBoon 19/, and Moore 56/ 18/ It has been shown
by seve ral experimenters that the vertical -pressures on the floor of
the stilling basin are virtually the same as the water-surface ploflle
would indicate. Although there will be more bulking in the prototype and
the freeboard of training walls will be less than for the model due to
cntrainment of air, pressures obtained.from models are sufficiently
accurate for design purposes.

Cecnelusions

The foregoing experiments and discussion serve to associate
he ¥Frcude number with stilling basin design where it offers many advan-
tares, The ratio of conjugate depths, the length of jump, the type of
jump to be expected, and the losses involved have all been related to
tniz number. The principal advantage of this form of presentation is
that one may see the entire picture at a glance. .The foregoing informa-
tion is basic Lo the understanding of the hydraulic jump. The following
sections will deal with the more practical aspects, such as modifying
the jump by baffles and sills to increase stability and shorten the
lensth,

An example follows which may help clarify the 1nformation so
Tar presented:

Application of Results (Example 1)

Water flowing under a sluice gate discharges into a rectangular
stilling basin the same widih as the gate. The average velocity and. the
depth of flow after contraction of the jet is complete are: V; = 85
ft/sec and Dy = S.6 feet. Determine the conjugate tail water depth, the
length of basin required to confine the jump, the effectiveness of the
basin to dissipate energy, and the type of jump to be expected. :

'XFUJ? y3a2x5 = 6.3k

Entering Figure 5 with this value




The conjugate tail water depth
Dy = 8.5 x 5.6 = k7.6 feet

Entering the recommended curve on Figure 7 with a Froude
number of 6.3h4

L
— = 6.13
Do

+

Length of basin necessary to confine the Jjump

L = 6.13 x 47.6 = 292 feet

jth the above value of the Froude number, it

Fntering Figure 8 w
rbed in the jump is 58 percent of the energy

is found that the energy &bso
entering.

g Figure 9 it is apparent that a very satisfactory

By consultin
jump can be expected,




SECTION 2

STILLING BASIN FOR EARTH DAM SPILLWAYS AND LARGE CANAL STRUCTURES
(BASIN II) '

Introduction

Stilling basins are seldom designed to confine the entire
hydraulic jump, as was assumed in the foregoing section; first, for .
economic reasons and seccondly, because there are means of obtaining
comparable or better performance in shorter lengths., It is possible
to shorten the length of jump by the installation of accessories such
as blocks, baffles, and sills in the stilling basin., In addition to
shortening the jump, the accessories .exert a stabilizing effect and in
some cases increase the factor of safety. This section and those
following will deal with the more practical aspects of stilling basin
design.

The present section will concern a stilling basin which has
been in common use on earth dam spillways and large canal structures,
and will be denoted as Basin II (Figure 10). The basin contains chute
blocks at the upstream end and a dentated -sill near the downstream end.
The principal aim was to generalize the design and determine the range
of operating conditions for which this basin is best suited. The first
objective was not difficult as the Bureau has designed and constructed
many of these basins, some of which were checked with models. The
principal task consisted of consulting laboretory records and-tabulating
the results. To accomplish the second objective required additional
laboratory experiments. Vs :

Beginning with the first phase, the capacities and dimensions
of 36 stilling basins for earth dams, small overflow dems and’ large
canal structures, vhich have been tested by models, are listed in.

Table 2. The model studies were made in several laboratories by many
individuals over a 23-year period. Each individual was more or less
free to experiment with models of these structures as he saw fit. The
final designs, tabulated in Table 2, represent an -agreement betweer
designer and experimenter for each case. Thus, the tabulation should be

>

ideal for selecting a generalized design for Basin II.

Results of Compilation

With the aid of Figure 10, most of the symbols used in Table 2
are self-explanatory. Column 1 lists the reference material used in
compiling the table. Column 2 lists the maximum reservoir elevation,
Column 3 the maximum tail water elevation, Column 5 the clevation of the




S ~~Dentated sill

HYDRAULIG JUMP STUDIES
~ STILLING BASIN II |
DEFINITION OF SYMBOLS

' ?—24 . D-0~°" 7,-‘0",:.v:..,..‘.,D‘,‘_'.‘.\.-.‘::-t D:. ',O.A".".'L‘.
! .

Q8E 'GAH LHOd3NH

0l 34N9I4




389
e

cne
“oe

et

1
raa

-
1enaog

H

ao.aiwc
-

-
W AmAg
-

TR
PP T TN T 24

R5%q
- E-X-El

-
%
T

~

]
H

T tepsosadesl

-3
8]
Qo+
A
3z .
Y N »A«B-o- i B by
$
-
s

fouctin yrsy 0710
R

v
J e L

L5
238
ok

2299897

=%
-G
5

gaa09s

-
°
-

e e i e e e =
(g
afEa
IRy S
B it

Qo
B L T P e e e R e e

1IR5ERYY

G000 0EVIS a0

2 Eg

IC:QQQK\OO_ODOOC)
YLELTRLS

& et
M PP RS PR TR

L e e gl

yas
.
G-

-
e e se e ey o te s ae ety e e b s e e 0 e e a0 e ke ke e e e W

P
e
t{
ANococmdann
=ay
.

Ra
A
En

do~“00060

B e e e

LT

* ;C)L«.- s 2
a0ty

o«
_qr‘%nemqooqaqqoacooceu-ue
B R P R L T e e T

=
g
3

 Ma A MR R RN AR KR T RS

snenfioageanaeg
NABACE 4 5580 A
eBual8anoealficna

' BRAI4E

ESREn

[CIIRERCANENR 8]
3 o ou iox
wifia T BaE Ty 1w 3 w03l w0
i 2y ! woynieog :
SR #1}5va 21wl paeiatd] : eyoote ST Sivm

3

]
el

ar B
L E

1)
T T R T Rt

t

c&

Al o
oz B : . : wwtela
m..&: " ,. . , H A u.l.v-‘.

VIRRITRARTIRRLRIRRILLLRILIRLRAFRERR £F

e
e
9%
21
2%
an
no

¥
—~

Dok ot ot ek O e e St e et

£

Lathlel

Srvg

r7ang

Ratzes Awiad”

AL 14

1o0aD dsdeqy

2 on Apuwg 1@

Z "t Keamvea

1 S (el vy
konvioma q0c) 36132
rousng doa0 vondiy
iy N

s1w1 Kvwig
Seadaterq Tnpisdng
LaarTidy Teidedu]
st

e

eueal

woTed

1;vtd Jeped

20013 TR
siepy

oplodowety

238 2%y
PR

PRy Vv

*

LR

se3szgINRL ng
NSO N2 MO

MO e

]
5
3
2

SOEARELT N

MR AN R AS AL A
v
33339898%9 S

§53IFELNATERE

a-

EEEREE

=

AN

RA58T5 5% ENATR

PR

-

-

OB AA

RIBRARELZY
<

2

FELER TR D)

L tated

g
N

~

2R A E g XA
G2rREERE

rer

AYnEde Ne g

AAC A AP AL TLOARC A AN MLET A

fe1ras7) unadaq
{rwasa} nasdog
WO SRS
ety

£3:ep

3>wg ady

RENIRYCVRERSARERE

88285538888885388R88¢8%8

TREEEEATIRKEERRR

A REREESLERSAAINRE AN AN S ARRERADARARY

L
ay ® ot
- At oft
TEYTTTTRY Y

s52 ¢

L8R
THINTIILYEEELS

TR RIRALEARRERARRE SRAYIRNEH L JEEREH

O AU
|1.m!l.».&lm5m”

Clm ki@ mdm A mGS

=i
o~

¥

f 43 : : Py T L L W

© (ewalued) o E : : s Aygasfas 3 3p dal D ou1re] g .
2. . SR : © (jemav) ¢ drwanrg : @IFTA

Saavsa wlarg. N : N o N L

2 wang




stilling basin floor, and Column 6 the maximum - disaharge for each spillway.
Column 4 indicates the height of ‘the :structure studied, showing.a maximum
fall from.headwater to tzil.water of 179 feet, a mlnimum of 1h feet, end
an average of 85 feet. “Column 7 shows that the width of the stilling
tasins varied from 1, 197 5.to 20 feet. The discharge per.foot of basin
width, Column 8, varled from 760 to 52 cfs, with 265 ‘as an average.

The computed veloc1ty, V1, entering the sbzlllng ‘basin (Column 9)

varied from 85 to 27 feet per second, and the depth of flow, Dj, entering
the basin (Column 10)"varied from 13.33 feet to O. 61 of a foot. The
value of the'Froude number (Column 1l): varied from 19.14 to .2.75.
Column 12 shows the actual depth of tail water above the stilling basin
floor, which varied from 60 to 12 feet, while Column 14 1lists the com=-
puted, or conjugate, tail water depth for each stilling basin, The -
conjugate depths, Do, were obtained from Figure' 5. The ratio of the
actual tail water depth to the conjugate depth is listed for each basin
in Column 15. This shows a maximum of 1.94, a minimum of 0.75, and an
average of 1l.13. ‘

Chute Blocks’

The chute blocks or spreading dev1ce used at the entrance to
the stilling basin varied. Some contained nothlng ‘at this point, others
.a solid step, but in the majority of cases a serrated device was
utilized, known as chute blocks. The chute blocks at the upstream end
of the b351n tend to corrugate the jet, lifting.a portion of it from
the floor, resulting in a shorter length .of jump.than would be possible
without them. These blocks also tend to improve the action in the
jump. The proportioning of chute blocks has always been subject to
gquestion, but the tabulation in Columns 19 through 24 of Table ‘2 should
serve to set these figures quite definitely.  Column 20 .shows the height
of the chute blocks, while Column 21 gives the:ratio of ‘height of block
to the depth Dj. The ratios of height of ‘block to- Dl indicate a maximum
of 2.55, a. minimum -of 0. 6 ‘and an average of 1. 15

The width of the blocks~is- shown in Column 22.‘ Column 23
gives the ratio of ‘width ‘of the ‘block to height, with a maximum of 1.67,
a minimum of O.44, and an average of 0.97. The:ratio of width.of block
to specing, tabulated in Column . 2h ‘shows & maximum of 1.91, -a minimum
of 0.95, and an average of- 1.15.. The three ratios ‘indicate that the -
proportion: ‘height equals w1dth equals spacing, equals Dy should Ye
a satlsfactory standard for chute ‘block design. The wide variation shows
that these dimen81ons are not critlcal. ‘ : :

Dentated Sill

The sill in.or at the end of the basin was either solid or
some form of dentated arrangement, as designated in Column 25. The




shape of the dentates and the angle of the 5i1ls varied Conside%qbly
in the spillways tested, Columns 26 through 31, The posiuionxof the

dentated sill also varied -and this is indicated by the rutio 311 in
Column 26. The distance, X, is measured to the downstream edge of

the sill, as illusirated in Figure 10. The ratio %iI varied from 1 to
0.65, with an average of 0.97.

The heights of the dentates are given in Column 27. The
ratio of height of block to th: conj tall water depth .is’' shown in
Column 28, These ratios show a maximum of 0.33, a minimum of 0.06,
and an average of 0,20, The width to height rat'io, Column 30, shows
a maximum of 1.25, a minimum of 0.323, and an average of 0.76. The
ratio of width of block to spacing, Column 31, shows a maximum of 1,91,
a minimum of 1.0, and an average of 1.13, For the sake of generaliza-
tion, the following proportions are recommended: (1) height of dentated
5111 = 0.2Dp, (2) width of blocks = 0.15Dp, and (3) spacing of blocks =
0.15Dp, where Dp is the conjugate tail weter depth., It is recommended
that the dentated sill be placed et the downstream end of the apron.

Column 32 through 38 show the proportions of additional
baffle blocks used on three of the stilling basins. These are not
necessary and are not recommended for this type of basin.

Additional Details

Column 18 indicates the angle, with the horizontal, at which
the high-velocity jet enters the stilling basin for each of the spillways.
The meximum angle was 34° and the minimum 14°. The effect of the vertical
angle of the chute on the action of the hydraulic jump could not be
evaluated from the information available. This factor will be considered,
however, in Section 5 in connection with sloping apron design.

Column 3G designates the cross section of the basin. In all
but three cases the basins were rectangular. The three cross sections
that were trapezoidal had side slopes varying from 1/L:1 to 1/2:1. The
generalized designs presented in this report are for stilling basins
with rectangular cross sections. Where trapezoidal basins are used, a
model study is strongly recommended. |

Designers have been concerned over the type of wing wall which -
should be used at the end of stilling basins. Column 4O, Table 2,
indicates that in the majority of basins constructed for earth dam
spillways the wing walls were normal to the training walls, Five basins
were constructed without wing walls using a rock blanket for protection.
The remainder utilized angling wing walls or warped transitions down-
stream from the basin. The latter are common on canal structures. The




object, of course, is to build the cheapest wing wall that will afford
the necessary protection. The type of wing wall is usually dictated by
local conditions such as, width of the channel downstream, depth to
foundation rock, degree of pr-tection needed; ete., thus wing walls are
not amenable to generalization.

Verification Tests

It was early learned that the information on Table 2 did not
caver the entire raenge of operating conditions desired. There was
insufficient information to detvermine the length of basin for the larger
values of the Froude number; there was little or no information on the
tail water depth at which sweepout occurs, and the information available
was of little value for generalizing water surface profiles., It was,
therefore, necessary to perform a set of experiments to extend the range
and to supply the missing data. The experiments were made on 17 Type II
basins, proportioned according to the above rules, and installed in
Flumes B, C, D, and E (see Columns 1 and 2, Table 3). Each basin was
Judged at the diSCh&Lge for which it was designed; the length was
adjusted to the minimum that would produce satisfactory operation, and
the absolute minimum tail water depth for acceptable operation was -
measured. The basin operation was also observed for flows less than the
designed discharge and found to be -setisfactory in each case.

Table 3 is quite similar to Table 2 with the exception that
the length of basin L1y (Column 11) was determined by experiment, and
the tail water depth at which the jump just began to sweepout of the
basin wa~ recorded (Column 13).

Tail Water Depth

The solld line on Figure 11 was obtalned from the hydraulic
jump formula,nf = 1/2 ( }1+8F2-1) and represents conjugate tail water

depth, It is the same as the line shown on Figure 5. The dash lines on
Figure 11 are merely guides drawn for tail water depths other than con-
jugate depth, The points shown as dots were obtained from.Column 13 of
Table 2, and constitute the ratio of actual tail water depth to Dy for
each basin listed. It can be observed that the majority of the ba51ns
were designed for full congugate tail water depth or greater.

A previous design‘cbart in Bureau use suggests that, where
baffles and sills are utilized, the stilling basin floor be positioned
0 use a tail water depth of 0,85 of the conjugate depth. This practice
is definitely discouraged as it will lead to questionable designs. To
confirm the erroneous nature of this statement, a dotted line showing
minimum tail water depth for Basins I and II, obtained from Column 1l of
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Table 3, is shown on Figure 11. The line indicates the point at which
the front of the jump moves away from the chute blocks. 'In other words,
any additional lowering of the tail water would cause the jump to leave
the basin. Consulting Figure 1l it can be observed that the margin of .
safety for a Froude number of 2 is 2 percent; while for a number of 6

it increases to 6 percent, for a number of 10 it diminishes to 4 percent,
and for a number of 1% it is 2.5 percent. To be certain that ‘this is
understood, it will be stated another way. The jump will no longer
operate properly when the tail water depth approaches 0.98D2. for a Froude
nunber of 2 or O. 9hDg for a number of 6 or 0. 96D2 for a number of 10, or
0.975D, for a number of 16. In other words, the margin of safety is
largest in the middle range where the more desirable jumps are obtainable.
A minimun safety factor of 5 percent of Do is recommended for the average
Type II basin. For the two extremes of the curve it is advisable to
provide a tail water greater than conjugate depth to be safe. Inciden-
tally, the line showing the minimum tail water depth for Basin Il

(Figure 11) also applies for Basin I described in Section 1. This
evidence should be sufficient to justify the retirement of the previous
design chart,

There are several other thoughts with regard to-tail water
considerations which are mentioned as a reminder. TFirst, tail water
curves are usually extrapolated for the discharges encountered in
design, so they can be in error. Secondly, the actual tail water: depth
usually lags in a temporal sense that of the tail water curve for rising
flow and leads the curve for a falling discharge. Thirdly, a tail water
curve may be such that the most adverse condition occurs at less than
the maximum designed discharge; and fourthly, temporary or permanent
retrogression to the river bed downstream may be a factor needing con-
sideration. These factors, some of which are difficult to evaluate, are
all important in stilling basin design, and suggest that an adequate
factor of safety is essential, It is advisable to construect a jump
height curve, superimposed on the tail water curve, for each basin to
determine the most adverse operating condition. This procedure will be
illustrated later. :

The experiments repeatedly demonstrated that there is no simple
remedy for a deficiency in tail water depth.  Increasing the length of
" basin, which is the remedy often attempted in the.field, will not com-
pensate for deficiency in tail water depth. For these reasons, care
should be taken to consider all factors that may affect the tall water
at a l'uture date. A stilling basin that does not perform properly cannot
be justified in the light of money saved by skimping, regardless of the
amcunt.




Length of Basin

The length of the Type II basin is shown as the intermediate
curve on Figure 12. The points shown as dots are for the existing basins
listed in Table 2. The ratio of length of basin to conjugate depth is
plotted with respect to the Froude number (Columns 17 and 11, Table‘?),
The conjugate depth has been used rather than the actual tall water
depth, as the former is a definite value which can be computed in each
case, The points, indicated by dots, scatter considerably, and prac-
tically 50 percent of these are for values of the Froude number less
than 5. These stilling basins were all tested by means of models, and
the length in most cases was reduced to a minimum. ' This is one ‘of the
advantages of a model study.

The points denoted as squares on the same ‘curve represent ‘the
results of verification tests made to extend the range. The points were
obtained from Columns 12 and 10 of Table 3. The curve has been arbi-
trarily terminated at a Froude number of 4 as there is no assurance
that the jump will be stable. A limit of 4,5 was given in Section 1
for Basin I without appurtenances; however, the chute blocks in Basin II
had a tendency to extend the lower limit slightly. For stilling basin
design involving values of the Froude number under k4.5, reference is
made to Section 5. There is always & possibility of reducing the length
of basin, over that shown.on Figure 13, by a model study.

Water Surface Profiles

Water surface profiles were determined from the tests for the
purpose of computing uplift pressures under the basin apron. As the
water surface in the stilling basin tests fluctuated rapidly, and as
air bulking in & prototype structure will expand the volume of its
contents, over that indicated by its model, it was felt that there was
no point in maintaining a hign degree of accuracy in measurement.
Therefore, approximate profiles are presented which can also be considered
pressure profiles. ‘

The method of procedure is illustrated on Figuwre 13. ' A hori-
zontal line is drawn at conjugate depth, - A vertical line is also drawn
from the upstiream face of the dentated sill, Beginning at the point of
intersection, & sloping line is constructed as shown. The angleoc
that this sloping line makes with the horizontal, is related to the
Froude number.

b

The angle o (Column 2k, Table 3) observed in each of the
verification tests has been plotted with respect to the Froude number on
Figure 13. The slope increases with the Froude number. The above
procedure gives the approximate water surface and pressure profile for
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conjugate tail water depth. Should the tail water depth be greater than
Dy, the profile will resemble the upperrmost line on Flgure 13; the angle
remains unchanged. This information applies only for the Type II basin,
constructed as recommended in this section.

Conclusions

The following rules are recommended for generalization of
Basin II, Figure lb:

1. Sect basin apron to utilize Tull conjugate tail water depth,
plus added fector of safety if needed. An additional factor-of
safety is advisable for both low and high values of the Froude
number (see Figure 11). A minimum margin of safety of 5 percent of
D, is recommended. '

2. Basin 11 may be effective down to a Froude nunmber of 4 but
this should not be taken for granted (see Section 4 for values less
than 4.5).

3. The length of basin cuan be obtained from the intermediate
curve on Figure 12.

k, The height of chute blocks is equal to the depth of flow
entering the basin, or Dy, Figure 14. The width and spacing should
be equal to approximately Dj; however, this may bg varied to eliminate
the need of fractional blocks. A space equal to is preferable
along each wall to reduce spray and maintain desiFable pressures.

5. The height of the dentated sill is equal to 0.2D,, while
the maximum width and spacing recommended is approximately 0.15D5.
In this case a block is recommnended adjacent to each side wall,
Figure 14. The slope of the continuous portion of the end sill is
2:1. In the case of narrow basins, which would involve only a few
dentates according to the above rule, 'it is advisable to reduce the
width and the spacing so long as this is done proportionately.
Reducing the width and spacing actually improves the performance in
narrow basins, thus, the minimum width and spacing of the dentates
is governed only by structural considerations.

6. It is not necessary to stagger the chute blocks and the
sill dentates, In fact this practice is usuelly inadvisable from a
construction standpoint.

7. The verification tests on Basin 11 indicated no perceptible
change in the stilling basin action with respect to the slope of the
chute preceding the basin. The slope of chute varied from 0.6:1 to
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2:1 in these tests, Column 25, Table 3. Actually,. the slope of the
chute does have an effect on the hydreulic jump in some cases. This
subject will be discussed in more detail in Section 5 with regard to
sloping aprons. 1t is recommended that the sharp intersection
between chute and basin apron, Figure 14 be replaced with a curve
of reasonable radius when the slope of the chute is 1:1 or greater.
Chute blocks can be incorporated on tine curved face as readily as on
the plane surfaces. ‘

Following the above rules will .result in a safe, conservative
stilling basin for spillways with fall up te 200 feet and for flows up
to 500 c¢fs per foot of basin width, providing the jet entering the basin
is reasonably uniform both as to velocity and depth. For greater falls,
larger unit discharges, or possible unsymmetry, a model study of the
specific design is recommended.

Aids in Computation

Previous to presenting an example illustrating the method of
proportioning Basin II, a chart will be presented which should be of
special value for preliminary computations. The chart makes it possible
to determine Vi and Dy with a fair degree of accuracy, for chutes having
slopes of 0.8:1 or steeper, where computation is a difficult and arduous
procedure. 'he chart presented as Figure 15 represents a composite of
experience, computation, and a limited amount of experimental information
obtained from prototype tests on Shasta and Grand Coulee Dams., There is

much to be desired in the way of experimentzl confirmation; however, it
is felt that this chart is sufficiently accurate for preliminary design.
A concerted effort will be made to obtain additional experimental o
information whenever possible.

The ordinate on Figure 15 is fall from reservoir level to
stilling basin floor, while the abscissa is the ratio of actual to theo-
retical velocity at entrance to the stilling basin. - The theoretical"
velocity Vqp = MQgiZ-H?Qi (see,Figure 15). The actual velocity is the
term desired. The curves represent different heads, H, on the crest of
the spillway. As is reasonable, the larger the head on the crest, -the
more nearly the actual velocity at the base of the spillway will approach
the theoretical. TFor example, with H = LO feet and 2 = 230 feet, the
actual velocity at the tase of the.dam would be 0.95 of the computed
theoretical velocity; while with a head of 10 feet on.the crest, the
ectual velocity would be 0.75 Vp. The value of Dy is computed by
dividing the unit discharge by the actual velocity obtained from Figure 15.

The chart is not applicable for chutes flatter than 0.6:1 as
frictional resistance assumes added importance in this range. Therefore,
it will be necessary to compute the draw-down curve as usual starting
at the gate section where critical depth is known.
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Insufflation, produced by air from the atmosphere mixing with
the sheet of water during the fall, need not be considered in the hydraulic
jump computations. Insufflation need bLe considered prinecipally in the
design of chute and stilling basin walls. It is not possible to con-
struct walls sufficiently high to confine all spray and splash; thus,
the best that can be hecped for is a height that is reasonable and
conmensurate with the material and terrain to be protected.

Applicetion of Results (Example 2)

The crest of an overfall dam, having a downstream slope of
0.7:1, is 200 feet above the horizontal floor of the stilling basin. The
head on the crest is 30 feet and the maximum discharge is L8O cfs per
foot of stilling basin width. Proportion a Type II stilling basin for
these conditions.

Entering Figure 15 with a head of 30 feet over the crest and
a totasl fall of 230 feet,

o= = 0.92
Vo 9

The theoretical velocity Vp Vzg(23o-ig) = 117.6 ft/sec.
The actual velocity Vj = Vi = 117.6 x 0.92 = 108.2 ft/sec.

9 _ 480 _
D, VI = 583 © L 4 Peet

The Froude number

v
1 108.2
F = - = . ,4
1 /‘1? El v ;ﬁ,z X L.hh 9.0
Entering Figure 11 with a Froude number of 9.04, the solid line gives,

L

o
Ty = 12.3

As TV gnd Dp mre synonomous in this case, the conjugate tail water
depth,

D2 = 12,3 x 4. k4 = 54,6 feet

The minimum tail water line for the Type II basin on Figure 11
shows that a factor of safety of about 4 percent can be expected for the
above Froude number.




Should it be desired to provide a margin of safety of 7 percent,
the following procedure may be followed: Consulting the line for
minimum TW depth for the Type II tasin, Fipgure 11,

™
EI = 11,85 for a Froude number of 9.04

The tail water depth at which sweepout is incipient:

lgg = 11.85 x b.bk = 52 6 fee+'

Adding 7 percent to this figure, the stllllng ba51n apron
should be positioned for a tail water depth of :

52.643.7 = 56.3‘feet or 1.03Do

The length of basin can be obtained by entering the
intermediate curve on Figure 12 with the Froude number of 9.0k,

L1 = 4,28 x 54,6 = 234 feet (see Figure 1h)

The height, width, and spacing of the chute blocks as
recommended is Dy, thus the dimension can be 4 feet 6 inches.

The height of the dentated sill is 0.2Dp or 11 feet, whlle the
width and spacing of the dentates can be 0.15Ds or 8 feet 3 1nches.




SECTION 3
SHORT STILLING BASIN FOR CANAL STRUCTURES,
SMALL QUTLET WORKS, AND SMALL SPILLWAYS
(BASIN IIT)

Introduction

Basin II often is considered too conservative and consequently
over=-costly for structures carrying small discharges at moderate velo=-
cities. This can be especially true in the case of .canal chutes, drops,
wasteways, and other structures which are constructed by the-dozen on
canal systems. Any saving that can be effected in decreasing the size
of these structures can amount to a sizable sum when multiplied by the
number of structures involved. There is, of course, another considera-
tion which should be kept in mind. If the dimensions of a particular
structure arc reduced to the point where it no longer operates satis-
factorily, this mistake will be repeated many times cover. A generalized
design will be developed here for smaller structures where a more
economical stilling basin is Jjustified.

Developnent

The most effective way to shorten a stilling basin is to
modify the jump by the addition of appurtenances in the basin. One
restriction was imposed on these appurtenances, however; they must be
self cleaning or nonclogging. This restriction thus limited the
appurtenances to blocks or sills which could be incorporated on the
stilling basin apron.

The Department of Agriculture 8/ 16/ developed a very short
stilling basin designated "The SAF Basin," for use on drainage structures .
such as the Soil Conservation Service constructs, fits this specification
and was very desirable from the standpoint of economy. This basin,
shown in Figure 16, is actually a modification of Basin II just described.
It was the intention to first check this design to determine its
adequacy so far as Bureau requirements were concerned. Several stilling
basins were set up in the laboratory. according to the SAF rules, and
they all demonstrated that the factor of safety was not sufficient for
Bureau use, 1t was discovered, however, that the arrangement of this
basin had excellent possibilities, and that by changing dimensions,
such as the length, the tail water depth, the height and location of
the baffle blocks, etc., the desired degree of conservatism could be
obtained.

In addition to the foregoing tests, numerous experiments were
performed using various types and arrangements of baffle blocks on the
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apron in an effort to obtain the best possible solution. ©Some of the
baffle blocks tried are shown on Figure 17. The experimentation con-
sisted of varying the height, width and spacing of the blocks and their
position on the apron, The blocks were positioned in both single and
double rows with the second row staggered with respect to the first,
arrangement "a" on Figure 17 consisted of a solid bucket sill which

wzs tried in several positions on the apron. This sill required an
excessive tail water depth to be effective. Arrangement "b" was
approximately the same shape as "a" except blocks and spaces replaced
the solid sill. For certain heights, widths, and spacing these blocks
performed gquite well resulting in a water surface similar to that shown
on Figure 20. Block "c¢" was ineffective for any height. The velocity
passed over the block at about a 45 degree angle, thus was not impeded,
and the water surface downstream was very turbulent with waves. The
stepped Block "d" was also ineffective both for a single row and a
double row. The ection was much the same as for "¢". The cube "e
was effective when the best height, width, spacing and position on the
apron were found. The front of the jump was almost vertical and the
vater surface downstream was quite flat and smooth, much like the water
surface shown on Figure 20. Block "f", which is the same shape used in
the SAF basin, performed identically with the cubical block "e"., The
important feature as to shape appeared to be the vertical upstream face.
The foregoing blocks were arranged in single and double rows. The
second row in each case was of little value, Sketch "h", Figure 17.

"

Block "g" is the same a&s Block "f" with the corners rounded.
It was found that rounding the corners greatly reduced the effectiveness
of the blocks. It fact a double row of blocks with rounded corners did
not perfcrm as well as a single row of Blocks "b", "e", or "f", As
Block "f" is usually preferable from a construction standpoint, it was
used throughout the remaining tests to determine a general design with
respect to height, width, spacing and position on the apron.

In addition to experimenting with the vaffle blocks, variations
were tried with respect to the size and shape of the chute blocks and
the end sill. It was found that the chute blocks should be kept small,
no larger than Dy if possible. The end sill had little or no effect on
the jump proper. The basin as finally developed is shown on Figure 18.
This is principally an impact dissipation device whereby the baffle
blocks are called upon to do most-6f the work. The chute blocks aid in
stabilization of the Jjump and the end sill is for scour control.

Verification Tests

At the conclusion of the development work, a set of verifica-
tion tests was made to examine and recowrd the performance of this basin,
which will be designated as Basin III, over the entire range of operating
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conditions that may be met in practice. The tests were made on a total
of 14 basins constructed in Flumes B, C, D, and E. The conditions

under which the tests were run, the dimensions of the basin, and the
results are recorded on Table 4., The heedings are identical with those
of Table 3 except for the dimensions of the baffle blocks and end sills,
The additional symbols can be identified from Figure 18. Stilling basin
action wus quite stable for this design; in fact, more so than for
either Basins I or II., The front of 'the jump was steep and there was
less wave action to conterd with downstiream than in either of the former
basins. In addition, Basin III has a large factor of safety and operates
equally well for all values of the Froude number above 4:0. 'The former
basins have neither of these attributes. The verification tests served
to show that, with a few revisions, Basin IIl as developed was very
satlsfactory.

Chute Blocks

The recomrmended proport*oqs for Basin. II1 ere shown on

Figure 18. The height, width, and spacing of the chute blocks are equal
to Dy, the same as was recomnonded for Basin II, Larger heights were
tried, as can bhe observed from Column 18 Table 4, but are not recommended.
The larger chute blocks tend to throw a portion of the high=velocity jet
over the baffle blocks. Some cases will be encountered in design, however,
vhere Dy is less than 8 inches. In such cases the blocks mey be mede 8
inches high, which is considered by somp de51gners as the minimum size
from a construction standpoint. The width and spacing are the same as

the height, but this may be varied so long as the ‘aggregate width of

spaces approximately equals the total widthn of the blocks.

Baffle Blocks

The height of the baffle blocks increase with the Froude number
as can be observed from Columns 22 and 10, Table 4. The height, in terms
of Dl, can be obtained from the upper 1ine on Figure 19. The width and
spacing can vary so .long as the total spacing is equal to the total width
of blocks. The most satisfactory width and spacing were found to be
three-fourths of the height. It is not necessary to stagger the baff?
clocks with the chute blocks as this 4.5 often difficult and there is
little to be gained from a hydraulic & andp01nt

The baffle blocks are located O. 8Do downstream from the chute
blocks as shown in Figure 18. The actual positions. used in the: verifi-
cation tests are shown in Column 25, Table k4, The position, ‘height and
spacing of the baffle blocks on the apron should be adhered to carefullJ,
as these dimensions are important. For example, if the blocks 'are set.
appreciably upstream from the posit’on shown, they will produce a cascade
with resulting wave action. On the contrary, if the blocks are set
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farther downstream than shown, & longer basin will be required. Like-
wise, if the baffle blocks are too high, they can produce a cascade,
while if too low & rough water surface will result. It is not the
intention to give the impression that the position or height of the
baffle blocks are critical. Their position or height are not critical
so long as the ebove proportions are followed. There exists a reason-
able amount of leeway in all directions; however, one cannot place the
baffle blocks on the pool floor at random and expect anything like the
excellent action associated with the Type III basin.

The baffle blocks may be in the form shown on Figure 18, or
they mey be cubes; either shape is effective, The corners of the baffle
blocks are not rounded, as the sharp edges are effective in producing.
eddies which in turn ald in the dissipation of energy. It is advisable
to place reinforcing steel back ail least 6 inches from the.block sur-
faces when possible, as there is some evidence that steel placed close
to the surface saids spalling.

End Sill

The height of the solid end sill is also shown to vary with
the Froude number although there is nothing critical about this
dimension, The heights of the 'sills used in the verification tests ;
are shown in Columns 27 and 28 of Table 4, The height of the end sill
in terms of Dy is plotted with respect to the Froude number and. shown
as the lower line on Figure 19. A slope of 2:1 was used throughout
the tests.

Tail Water Depth

The SAF rules suggest the use of a tail waber depth less than _
full conjugete depth, Dp. As in the case of Basin 1I, full conjugate
depth, measured above the apron, is also recommended for Basin IIl.
There are several reasons for this statement: First, the best operation
for this stilling basin occurs at full conjugate tall water depth;
secondly, if less than the conjugate deptn is ‘used, the surface. veloci-
ties leaving the pool are high, the jump action is impaired, and there
is & greater chance for scour downstream; and thirdly, if the baffle
clocks erode with time, the additional ‘tail water depth will serve to
lengthen the interval between repairs, On the other hand, there is no
particular advantage to using greaster than the conjugate depth as the
action in the pool will show little or no imnrovement

The margin of cafety for Basin III varies from 15 to 18 per-
cent depending on the value of the Froude number, as can be observed by
the dotted line labelled, "Minimum Tail Water Depth--Basin III1," on
Figure 11. The points, from which the line was drawn, were obtalned




from the verification tests, Columns 10 and 1k, Table L. Again, this
line does not represent complete sweepout, but the point ai which the
front of the jump moves away from the chute blocks and the basin no
longer functions properly. In 'special cases it may be advisable to
encroach on this wide margin of safety, however, it is not advisable
as a general rule for the reasons stated above,

Length of Basin

The length of Basin III, which is related to the Froude number,
can be obtained by consulting the lower curve on Figure 12. The points,
indicated by circles, were obtained from Columns 10 and 12, Teble 4, and
indicate the extent of the verification tests. The-length:is measured-
from the downstream side of the chute blocks to the downstream edge of
the end sill, Figure 18. Although this curve was determined conserva-
tively it will be found that the length of Basin III is less than one
half the lengih needed for a basin without appurtenances. ' Basin III,
as was true of Basin II, may be effective for wvalues of the Froude
nunber as low &s 4,0, thus the length curve was terminated at this value.

Water Surface and Pressure Profiles

J'/-" -
-

Approximaté water surface profiles were obtained for Basin III
during the verification tests. The front of the jump was s0 steep,
Figure 20, that only two measurements were necessary--the tail water
depth and the depth upstream from the baffle blocks. The tail water
depth is shown in Column 6 and the upstream depth is recorded in
Column 29 of Table 4. The ratio of the upstream depth to conjugate
depth is shown in Column 30. As can be observed, the ratio is much the
same regardless of the value of the Froude number. The average of the
ratios in Column 30 is 0.52. Thus it will be assumed 1:.t the depth
upstream from the baffle blocks is one half the tail wnier depth.

The profile represeunted by the cross hatched area, Figure 20,
is for conjugate tail water depth. For a greater tail water depth Dj,

the upsiream depth would be ?f. For a tail water depth less than con-

Jugate, Dy, the upstream depth would be approximately « .There appears
to be no particular significance to the fact that this ratio is one half.

The information on Figure 20 applies only to Basin III, pro-
portioned according to the rules set forth. It can be assumed that for
all practical purposes the pressure and water surface profiles are the
same. There will be a localized increase in pressure on the apron .
immediately upstream from each baffie bloek but this has been taken into
account, more or less, by extending the diagram to full tail water depth
beginning at the upstream face of the baffle blocks.
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Recomrendations

The following rules pertain to the design of the Type III basin,

Figure 18.

1. The stilling basin operates best at full conjugate tail
wvater depth, Dp. A reasonable factor of safety is involved at con-
jugate depth for all values cof the Froude number (Figure 11}, but
it is recommended that the designer not make & general practice of
encroaching on this margin of safety.

2. The length of pool, which is less than one half the length
of the natural jump, can be obtained by consulting the curve for :
Basin III on Figure 12.

3. Stilling B351n I11 may be effective for values of thé Froudé
number es low as 4.0 but this cannot be stated for certain {(consult
Section 4 for values under 4.5).

4, Height, width, and spacing of chute blocks should equal
the averase depth of flcir entering the basin, or Dy. Width of blocks
may be decreased, providing spacing is reduced a like amount. Should
Dy prove to be less than ‘8 inches, make the blocks 8 inches high.

5. The height of the baffle blocks varies with the Froude nuuber
and is given on Figure 19. The blocks may be cubes or they may be
constructed as shown on Figure 18 so long es the upstreem face is
vertical and in one plane. This feature is important. - The width and
spacing of baffle blocks are sglso shown on Figure 18. In narrow
strictures where the specified width and spacing of blecks do not
appeer practical, block width and spacing may be riduced, providing
they are reduced a like amount. A half space is recommended adjacent
to the walls. E N

6. The upstream face of the baffle blocks should be set at a
distance of 0.8Dp from the downstream face of the chute ‘blocks
(Figure 18). This dimension is also important.

7. The height of the solid sill at the end of the basin can be
obtained from Figure 19. The slope is 2:1 upward in the direction of
Tlow.

8. As & reminder, a condition of cxcess tail water decpth does
not justify shortening of the basin length,




9. It is recommended that a radius or reasonable lensth be used
at the intersection of the chute and basin apron for slomes of kg
degrees or greater.

10. As a general rule the slope of the chute has little effect
on the jump unless long flat slopec are involved.  This phase will
be considered in Section 5 on sloping aprons. .

As the Type III basin is short coupled, the above rules should
be followed closely for its proportioning. I the proportioningz is to
be varied from that recommended, a model study is advisable. Arbitrary
limits for the Type III basin are set at 200 cfs per foot of basin '
width, or 100 feet of fall, until experience demonstrates otherwise.

Application of Hesults (Example 3)

Given the following computed values for a smell overflow dam

Q q Vi
cfs cfs - ft/sec

3900 78.0 69
3090 61.8 66
2022 Lo, k5 63
€62 13.25 51

and the tail water curve for the river, identified by the solid line on
Figure 21: Proportion a Type 1II basin for the most adverse condition

utilizing full conjugate tail water depth. The flow is symmetrical and
the width of the basin is 50 feet. (The purpose of thlb example is to

demonstrate the use of the jump height curve.)

The first step is to compute the jump Height curve, As V)
and Dy are given, the Froude number is computed and tabulated in
Column 2, Table 5.

Jwnp height
E}evation
Curve A Curve B

=

617.5 615.0
615.2 612.7
612.0 609.5
606.1 603.6
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Entering Figure 11 with these values of the Froude number values of
B— are obtained for conjugate tail water deptnh from the solid line.

Tncse values are BT and are shown listed in Column 3. The conjuzate tail

water depths for the various discharges, Column 5, were obtained by
multiplying the values in Column 3 by those in Column L.

If it were assumed that the most adverse operating condition
occurs at the maximum discharge of 3,900 cfs, the stilling basin apron
would be located st elevation 617.5-17.8 or elevation 599.7.

With the apron at elevation 599.7 the tail water required for
conjugate tail water depth for each discherge would follow the elevations
listed in Column 6. Plotting Columns 1 and 6 on Figure 21 results in
Curve A, which shows that the tail water depth is inadequate for all but
the maximum discharge.

The tail water curve is unusual in that the most adverse tail
water condition occurs at a discharge of approximately 2,850 cfs rather
than maximum. As full conjugate tail water depth is desired for the
most adverse tail water condition, it is necessary tc shift the jump
height curve downward to match the tail water curve for a discharge of
2,850 cfs (see Curve B, Figure 21). The coordinates for Curve B are
given in Columns 1 and 7, Table 5. This will place the basin floor 2.5
feet lower, or elevation 597.2 feet, as shown in sketch on Figure 21,

Although the position of the basin floor was set for a dis-

charge of 2,850 cfs, the remaining detalls are proportioned for the
maximum dlscharge of 3,900 cfs.

Entering Figure 12 with a Froude number of 11.42,
L1z
D2
basin required L1y = 2.75 x 17.80 = 48.95 feet.

= 2.75, and the length of

{(Notice that conjugate depth was used, not tail weter depth.)

The height, width, and spacing of chute blocks are equal to Dl
or 1.130 feet (use 13 or lh inches).

The height of the baffle blocxs for a Froude number of 11,42
(Figure 19) is 2.5Dy.

hy = 2.5 x 1.130 = 2.825 feet (use 34 inches),




The width and spacing‘of the baffle blocks are preferably
three~fourths of the height or

0.75 x 34 = 25.5 inches.

! From Figure 18, the upstream face of the baffle blocks should
be 0.8Dp from the downstream face of the chute blocks, or

0.8 x 17.80 = 14,24 feet.
The height of the solid end s5ill, Figure 19, is 1.60Dl, or
hy = 1.60 x 1.130 = 1.81 feet (use 22 inches).

The final dimensions of the basin are shown on Figure 21,

29




SECTION &4
WAVE SUPPRESSORS FOR CANAL STRUCTURES,
QUILET WORKS, AND DIVERSION DAMS
(BASIN 1V)

Introduction

This section will be devoted to discussing the characteristics
of the hydraulic jump in stilling basins for velues of the Froude number.
between 2.5 and 4.5. The jump is not completely developed in this range
end the former methods of dasign do not apply.  This range 1is encountered
principally in the design of canal structures, but occasionally diversion
dams and outlet works fell in ithis category. Three devices, developed
from laboratory tests, are presented for combating wave action which is
so persistent for values of the Froude number between 2.5 and 4.5.

Jump Characteristics

For velues of the Froude number between 2.5 and 4.5, the
entering jet oscillates intermittently from bottom to surface, as
indicated in Figure 9B, with no particulaer period. Each oscillation
generates a wave which is very difficult to dampen. In narrow structures,
such as canals, these waves persist in varying degrees for miles, As
they encounter obstructions in the canal, such as bridge piers, turnouts,
checks-and transitions, reflected waves may be generated which tend to
dampen the original wave, or the period could be such that the reflected
wave actually accentuates the . original wave., Waves are destructive to
earth-lined canals and riprap end produce undesirable surges at gaging
stations and in measuring devices. Incidentally, structures falling in
this range are the ones that require the most maintenance. In fact, it -
has been necessary tc replace or rebuild a number of existing structures ai
in this category. ‘ :

On wide structures, such as diversion dams, wave action is not
es pronounced as the waves can traevel laterally as well as parallel to
the direction of flcw. The combined action produces & dampening effect
but. a choppy water surface. The resulting waves are usually dissipated
in a short distance. ‘ : ‘

Where outlet works, operating under heads of 50 feet or greater,
fall within the range of Froude number between 2.5 and 4.5 a model study
of the stilling basin is imperative. A model study is the only means of .
being assured that a design of this nature will be satisfactory.



Weve Suppressors

Years of expﬂrierne with models and field structures operating
at Froude numbers from 2,5 to 4.5, yield only a few remedies for '
effectively reducing the amplitude of waves., The first is applicable
for stilling pools preceded by an overfall or chute structure, =z second
is for small censl drops, and a third is for a gate structure discharging
onto & horizontal floor. These three types will be discussed here.

Overfall or Chute Structure

The best way to combat a wave problem is to eliminate the wave
at its source; in other words, concentrate on altering the condition
which generates the wave. In the case of the stilling basin preceded by
an overfsll or chute, two schemes were apparent for eliminating waves at
their source. The first was to break up or eliminate the roller, shown
on Figure 9B, by opposing it with directional Jjets. The second was to
tolster or intensify the roller by directional jets in.anticilpation that
it would stabilize.

The first method was unsuccessful in that the number and size
of appurtenances necessary to break up the roller occupied so much volume
that these in themselves posed an obstruction to the flow. This testing
consisted of systematically placing numerous sheped baffle blocks and
guide blocks in the stilling basin in combination with various types of
spreader teeth and delflectors in the chute, The program involved dozens
of tests, and not until ell conceivable  ideas were tried was this approach
abandoned. A few of the basic ideas tested are shown on Figure 22.

The second approach, that of attempting to intensify the
roller, yielded better resulis. 'In this case, large blocks were placed
well up on the chute while nothing was installed in the stilling basin
proper, The object in this case was to direct a jet at the base of the
roller in an attempt to strengthen it. After a number of trials, the
roller was actually intensified which did improve the stability of the
jump. Sketches 4 and e on Figure 22 indicate just two schemes tnat
showed promise, although many variations were tried. After finding an
arrangement that was effective, it was then attempted to meke this as
simple a matter of construction as n0351ble. The dimensions and propor-
tions of the deflector blocks as finally esdopted are shown on Figure 23.

The objcet in the latter scheme was to place as few appurte-
nances as possibie in the path of the flow, as volume occupied by
appurtenances merely creates a backwater problem, thus requiring higher
training walls. The number of deflector blocks shown on Figure 23 is a
minimum requirement to accomplish the purpose set forth. The width of
the blocks is shown equal to Dy and this is the maximwa width recommended.,
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From a hydraulic standpoint it is desirable that the blocks be constructed
narrower than indicated, preferably 0.75D1. The ratio of block width to
spacing is l:2.5. The blocks are rather high and, in some cases,
extremely long but this is essential as the jet must play at the base of
the roller to be effective. The extreme top of the blocks are 2Dy above
the floor of the stilling basin, To accommodate the various slopes of
chutes and ogee shapes encountered, a rule has been established that the
horizontal length of the blocks should be at least 2Dj. The upper sur-
face of each block is sloped at 5 degrees in a downstream direction as
it was found that this feature resulted in better operetion, especially
at the lower discharges.

A tail water depth 5 to 10 percent greater than the conjugate
depth is recommended for the above basin. The jump is very sensitive to
tail water depth at these low values of the Froude number; a slight
deficiency in tail water depth may =llow the jump to sweep: completely
out of the basin. Many of the difficulties that have been encountered
in small fleld structures in the past can be attributed to this aspect
of the jump for low numbers. In addition, the jump performs much better
and wave action 1s diminished if the tail water depth is increased to:
approximately 1.1Ds.

The length of this basin, which is relatively short, can be
obtained from the upper curve on Figure 12. No additional blocks or
appurtenances are needed in the basin, as these will prove a greater
detriment than aid. The addition of a small triangular sill placed =at
the end of the apron for scour control is optional. If designed for
the maximum discharge, this stilling basin will perform satisfactorily
for all flows. This design is aprlicable for rectangular cross sections
only. ‘

Small Canal Drop

A second scheme for reducing wave action at the source, for
values of the Froude number between 2.5 and 4.5, is applicable to small
drops in canals. ﬁThe Froude number in this case would be computed the
seme as though the drop were an overflow crggt. A series of steel rails,
channel ireons or timbers in the form of a grizzly are installed at the
drop, as shown on Figure 2i. The over falling jet is separated into a
number of long, thin sheets of water which fall nearly vertical into the
canel below, Dissipation is excellent and the usual wave problem is
evoided. If the rails are tilted downward at an angle of 3 degrees or
more the grid is self cleaning.

Two spacing arrangements were tested in the laboratory: In
the first, the spacing was equal to the width of the beams, and in the
second the spacing was two thirds of the beam width., The latter was
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the more effective. In the first, the length of grizzly required was
about 2.9 times the depth of flow in the canal upstream, while in the
second, it was necessary to increase the length to approximutely 3.6y.
The following expression can be used for computing the length of grizzly.

. Q ‘ v
ke = YRR (+)

where Q is total discharge, C is an experimental coefficient, W is the
width of spacing in feet, N is the number of spaces, g is the acceleration
of gravity and y is the depth of flow in the canal upstream (see Figure 24),
The value of C for the two arrangements tested was 0.2UL5.

In this case the grizzly makes it possible to avoid the hydraulic
jump. Should it be desired to maintain a certain level in the canel
upstream, the grid may be tilted upward to act us 2 check, however, this
arrangement may pose a cleaning problen..

Gate Controlled Structures Discharging Horizontally into Stilling Basin

A glance at Figures 23 and 24 will indicate that the preceding
treatuents can in no way apply to a gate controlled structure discharging
horizontally into a stilling basin. Tne gate controlled structure,
Figure 25, operating in the renge of Froude numbers from 2.5 to k.5,
poses a separate problem. Tn this case there appear. no meens of elimi-
nating waves at their source. Appurtenances in the stilling basin
merely produced severe ‘splashing and created a backwater effec*,
resulting in submerged flow at the gate for the larger flows. Submerged
flow would reduce the effective head on the structure and in turn, the
capacity.

The remedy in this case may not be the most desirable but it
was the only scheme found satisfactory for coping ‘with existing waves..
The method is the result of a model study on a specific field structure.
The general arrangement of the structure is shown in Figure 25. The
Froude number varied from 3 to 7, depending on the heed behind the gate
and the gate opening. Velocities in the canal ranged from 5 to 10 feet
per second. Waves generated reached a helght of as nuch as. 1,5 feet,
measured from trough to crest.

The most effertive solution consisted of placing .two stationary
rafts 20 feet long by 8 feet wide, mede from 6- by 8-inch tlmbers, in
the caneal downstrean from the stilling basin (Figure 25). A space was
left between eachi timber and lighter cross pieces vere placed on the
rafts parallel to the flow, giving the appearance of many rectangular
holes (Figure 26).
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During the course of the experiments a number of schenes were
tested such as rafts having only icngitudinal slots, steel vlates with
punched holes anchored at the surface, and vertical curtein walls
(Stetches f and g, Figure 22) with and without holes. None of these
epproached the performance of the reft shown on Figurc 26. Several
essentiul requirements were apparent, but there may be others: (1)

Loat the rafts be punciured with a series of holes; (2) that there must
be some depth to these holes; (3) that at least two rafts are necessary;
cnd () that the rafts must be held stationary. It was found that the
ratio of hole areca to totzl area of raft could be from 1:6 to 1:8. The
raft chown in Figure 25 ic 20 feet long by 8 feet wide. The width is a
minimun dimension. The rafts must have sufficient thickness so thet the
troughs of the waves do not breal iree from the underside. The top
surfaces of the rafts are sel at the meen water surface in a fixed
pObl'Ion so that they cannot move, Spacing between rafts should be at
least three times the raft dimension, neasured parallel to the [low.

The Tirst raft decreases the wove hzight at leost 50 percent, vhjlo the
ncond raft effects a further reduction. Surges over the rafi discipate
enselves by flow downward throuszh the holeg, while surges from under
flow upward through the noles.  The effect is amazing, especially
difficulty of the problern ic considered. . For tnis speciflic cese

vere redueced frow 18 inches to 3 inches in heignt.

ses, vave action is only scrious at the
d is endangered, so the rafis . can bhe a
is epplication tne rafts should perform

In the mejority of ¢
maximun discharec when frecbea
rermanent installstion. For i
pque‘lj well in trapezoidal &5 well a5 rectangular channels,  The rafts

n be nmade odjustable for rectangulaer chennels should it be desired to
suppregs the waves at pertial flows. In- the case of +trapezoidal channels,
a second set of rafis may be placed under the first set for partizl flows.
Collecticn of trash at the racks could actually improve their performance.

a
r
B4
n

.

The same raft arrangement is elso applicable for suppressing
waves with 2 rezular period such s wind waves, waves prcoduced by the
svartine and stopping of punps, ete. In-this case,; the pocition of the
downsirean ralt iz important. The second raft should be positioned at
zome Traction of the wave lengcin downstream, - Placing it at 2 full wave
lenpgth could cause both rafis to be ineffective. Thus, for narrow
cznals it may be advisable to make the second raft poriable,

Ceonelusions

The most difficull problems encountered in stilling basin
design occur for valueo of the Froude number between 2.5 and L.5. Waves
are produced by an unsteble condition of tne juup.  Once the waves are
suppressed therc is no particular dissipation problem. Three schemes for
wave suppression have been discussed.
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The Tirst arrangement, involving dellected jete which intencify
+ne roller in the jump, is applicable to rectangular channels only. Its
use is limited to small overflow sections ands smell canul drops.

The second device, which eunploys &2 griwzly or grating, is merely
a means of avoiding the hydraulilce juwap. ts use is limited to small .
cannl drons. This scheme is shown applicable for rcctangular channels
but with modifications it may be ~ffective in other sections.

The third arrangement iz strictly a device to suppress wave.
setion. Tt consists of two fixed rafts, which perform best in & rectan-
oular channel, but are also quive effective in trapezoidal sections. It
ig important that these rafts be fized in position so they cannot move,
otherwise additional waves mey be produced. :



SECTION 5

STILLING BASIN WITH SLOPING APRON
(BASIN V)

Introduction

Much has been argued, pro and con, concerning the advantages
end disadvantages of stilling basins with sloping aprons. The dis-
cussion had never been settled satisfactorily, simply because there was
rot sufficient supporting data available to draw conclusions. It was
decided in this study, therefore, to investigate the sloping apron ‘type
of basin sufficiently to answer the various questions and also to
provide more definite design data.

Four flumes, A, B, D, and F, Figures 1, 2, end 3, were urad
to obtair the range of Froude numbers desired. In the case of Flumes 4,
B, and D, floors were installed to the slope desired, while Flume F
could be tilted to obtain slopes from O to 12 degrees. The slope, as
referred to here, is the tangent of the angle between the floor and with
the horizontal, and will be designated as "$." Five principal measure-
ments were made in these tests, namely: the discharge, the average
depth of flow entering the jump, the length of the jump, the tail water
depth, and the slope of the apron. The tail water was adjusted so that
the front of the jump formed either at the intersection of the spillway
face and the sloping apron or, in the case of the tilting flume, at a
selected point.

The jump that occurs on the sloping‘apron takes ‘many forms
depending on the slope and arrangement of the apron, the value of the
Froude number, and the concentration of flow or discharge per foot of
width; but from all appearances, the dissipation is as effective as
occurs in the true hydraulic jump on a horizontal apron.

Previous Experimental Work

Previous experimental work on the sloping apron has been
carried on by several experimenters. In 1934, the late C. L. Yarnell
of the United States Department of Agriculture supervised a series of
experiments on the hydraulic jump on sloping aprons. Carl Kindsvater 2/
later compiled these data and presented a rather complete picture, both
experimentally and theoretically, for one slope, namely: 1:6 (tan ¢ =
0.167). G. H. Hickox 5/ presented data for a series of experiments on
a slope of 1:3 (tan § = 0.333). Bakhmeteff 1/ and Matzke 6/ performed
experiments on slopes of O to 0.07 made in a flume 6 inches wide.




From an academic standpoint, the jwap may occur in several
ways on a sloping apron, as outlined by Kindsvater; preseniing sepzrate
and distinet problems, Figure 27.  Caose A is na ’ump on a horizontal
apron. In Case B, the toe of the jump forms on the slope, while the end
nceurs over the horizontal epron.  In Case C, the toe of the jump is on
the slope, and the end is at the Jjurction of the slope and the horizontel
apron; while in Case D, the entirz jump forms on the slope.  With so many
possibilities, it is edul]V undersiood why experimentnl data have been
lacring on the sloping apron. - lMessrs. Yarnell, Kindsvuater, BakhmetefT,
and Matzke limited their experiments to Case D.  B. D. Rindlaub 7/ of ‘the
University of California concentrated on-the solution of Case B, “but his
experimental results are complete Tor only one slope, that of 12.33° ‘
(tan ¢ = 0.217).

Preosent Considerations

From a practical standpoint, the scope of the precent test pro-
grarn nced not be so broad as outlired in Figure 27. TFor example, the
sction in Cases C and D is for all practical purposes the same, if it is
assumed that a horizontal flcor begins at the end of the jump for Case D.
The first of the currant axperiments to be described in this chapter
involves Case D. However, sufficient tesis were nade on Case C to verify
the above statcment that Casesz C and D can be considered as onc.  The
second set of tests will deal with Case B, Case B is virtually Case A
operating with excessive tail water depth.  As the tail water depth is
further increased, Case B avpproaches Case C. The results of Case A
have already been discussed in the preceding chapters, and Cases D and B
will be considered here in order.

Experimental Results (Case D)

Data obtained from the four flumes used in the sloping apron
tests (Case D experiments) are tabulated on Table 5. The headings are
very much the same as those in previous tables, but will need some
explanation. Column 2 lists the tangents of the angles of the slopes
tested. The depth of flow entering the jump, Dy, Column 8 , was measured
at the veginning of the jump in each case, corresponding to Sectlon 1,
Figure 27D. It represents the average of a generous number of point page
measurements, The velocity at this same point, V;, Column 7, was com=
puted by dividing the unit discharge, q, (Column 5) by Di. The length of
jump, Column 11, was measured in the flume, bearing in mind that the
object of the test was to obtain practical data for stilling basin design.
The end of the jump was chosen as the point where the high velocity jet
began to 1lift from the floor, or a point on the level tail water surface
immediately downstream from the surface roller, whichever occurred
farthest downstream. The length of the jump, as tabulated in Column 11,
is the horizontal distance from Sections 1 to 2, Figure 27D, The tail
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Table 6

STILLINC BASINS WITH SLOPING APRON
Case D, Basin V

3 : : : q : : W ) : : L e : : : B .

: Slope Q B W :Discharge: T :Vcloény: De}\th B H :Length: H H Dp H H 30K
Test :of apron: Total : Width sper fooat :Tall-waterienteringientering: TW Py a Vyvoof :L :Dp :Conjugate: W : L _ :Shape -
flume: tan § :discharge:cf basin:of basin : depth : Jump : Jump : By 1 aDy ¢ dwmp T : By TV depth : B : B3 :factor 4

H : cfa : £t : cfs H (43 : fr/sec ¢ et : : 1 RS & S 3 H ft H H H

(1) : @y : (3) = &)  (5) : {6) o« A7)+ (8) : (8} (10) - o Q1) :(22)r (13} (aw) -1 (15):(26): (a1)
A 0,067 @ 2.000 : L.830 : 0.kl s 0.520 ¢ 7.30 ¢ Q.0%2 :10.0C: 0.09 : 2.50 :5.00: 8.20:.0.426 1.22:3.11t 250
: 2,250 : 0461 : 0.560 :  B.69 . 0.05T & G.82:  5.97° ¢ 2.90 :5.18: 7.90: 0.450 . :1.2u4:A.L5: 2.50 .

2.500 s 0.512 :  0.58% : B8.26 1 0,062 : 9.50:  5.85 ;3,10 :5.26: 7.85: 0.L36  :1.21:4.38: 2.%0

2.750 : 0.564 ¢ 0.629 : 8.2 1 0.057 1. 9.39: . 5.7% : 3.30 :5.25: 7.70: 0.516 :1.22:5:40; 2.45

3,000 : 0.581% T 0.660 : 8.54 3 0.072 : 9.17: .61 : 3.40 :5.15: 7.55: 0.54% 11 2.u%

3.250 : : 0,666 1 0.86 : 8,65 : 0.07T7 : 9.01: 5.L9 - 3.bS :L.97: 7.40: 0.570 :1 1 2.0

3.500 : : 0747 oz 074 p B.7h 30,082 9.07: -5.3B 273040 7:h.8L: 7.20:-0.590 13 : 2.8

: 1.500 : 4.35C ¢ 0.345 o OLTW : 7.87 : 0.045 :10.53: 0 045,37, 3. 2.40 :5.06: 8,60: 0.387 1 1 2,50

: 2.500 0,579 & 0.642 @ 8,46 10,068 : 9.k: 5,721 3.20 :h.98: 7.70: 0.521 . ) 1.2.50

¢ 1,500 @ 10,805 ¢ . 0.792 : 8.85 : 0.091L : 8.70:. 5.17 ¢ 4.00 :5.05: 5.90: 0.628 - :1.24:4.37: 2.75

: 0.0 ¢ 2.000 : k.B30 : oMMz 0,560 & 7.96 i3 0,052 t10.7T:  6.15 L: 2,50 k.47 BL20: 0.k26  11.31:5.87: 2.04

: T 2.500 : 0.518 ¢ 0.6%2 : 7.97 : 6.085 :10.03: 5.51 :-3.60 :5.52: T.h5: Q.hBL - e1.35:70hh: 2,26

H i 3.000 : 0,620 :  Q.T45 ¢ 8.26 : 0.075 : 9.93: . 5.33 & 3.20 34,30: T7.10: 0.532  :1.40:5.01: 2.40

: @ 3,900 : 0.725 : 0.835 : 8.53 :0.085 .: 9.82: 5.15 : 3.60 :h.31: 5.90: 0:585 :1.82:4.15:.2.50

t 4,000 : 0.828 : 0.940 : B.63 : 0.096 9.79: 4,90 : L,00 :h.26: 6£.50: 0.5k  :1.51:%.51:.2.75

0.135 : 2.000 : 4.810 : 0416 ; 0.620 : 5.93 : 0.060 :10.33: L.99 i 2.50 :4.05: 6.60: 0.396 :1.56:A.32: 2.15
2,500 : 0520 :  O.TI0 T.56  : 0.068  :10.29: 5.0 : 3.00 :5.23: S5.75: 0.466  11.52:6.L4: 2,07
3,000 ¢ : 0.626 @ 0.855 7.80 ¢+ 0.080 :10.06: L.86 : 3,20 :3.97: S.40: 0.512 1.57:%.25: 2.15

¢ 3.500 :0.728 @ 0.905 : 8,09 :0.090 :10.06: h.75 : 3.60 :3.99: §.30: 0.567 1.60:h.36: 2,22

: 4.000 :0.832 ¢ 0,985 : B8.58 <+ 0.097 :10.15: 4.85 : 3.90 :3.96: 4.k0: 0.621 1.59:6.28: 2.19

©.152 1 1.50C : 4.35¢ : 0,385 :  0.540 5,27 : 0,055 : 9.82: L.T1 : 2.10 :3.8Y: §.20: 0.1 15,160 1.9
: 2.000 : 060 3 0,851 ¢ 6.T6 i 0,068 9.75:  W.5T : 2.5% :3.85: £.10: 0.415 :6:15: 2.00
t2.500 $ 0575 @ 0.T90 -3 T.S7 ¢ €.37% :10.39 4.8 1 3,10 :3.92:.6.15:0.L490 A1:5.3%: 2.00

t 3.000 2 0,690 7 0.900 T.57T 0. £10.00:  4.50 ¢ 3.40 :3.78: 6.00: 0.550 1. T:é.?Q: 2.10

©.185 1.500 : L.350 : 0.3 :  0.600 %.05 1 0.057 10,53 L.A4T r 2.15:31.58: 5.90: 0.33% - :1.78:5.50: 1.83
2.000 : G.b6O 1 0.720 5.7 3 0.070 :20.29: . 4.38 @ 2,60 :3.61: 5.80: 0,406 1.77:5.50: 1.8

2.500 1 0.975 3 0.860 7.01. ¢ 6,082 :10.24: - L.31 1 3.00 :3.57: 5.70: Q.bE7 1.40:4.52: 1.95

: 0,218 ¢ 1.750 : L.350 : 0.b02 : 0,700 : 5.00 : 0.067 :10.45: . 4.08  : 2.30 :3:29: S.u5: 0.365 6. 1.0

: t2.250 : 0.517 : 0.862 : 6.63 : .078 :11.05: 4,19 : 2.70 :3.13: 5.55: 0.432 6, 1.73

: 0.260 : 1.250 : 4.350 : 0.287 : 0.620 : L.70 : 0.061 :10.16: . 1.35- : 1.60 :2.58: L.25: 0.259 1.0%

; T 1.500 : 0.5 ¢ 0.675 : W79 2 0.0T2 @ 9.38: 03,15 ¢ 3.80 :2.67: 4.05::0.292 L.b4

10750 002z 0.7%2 ¢ L.79 ot 0.08BM ¢ B.95:. 2.31 & 1.995 :2.59: 3.70: 0.311 1.46
B : 0,052 : 1.000 : 2.000 :0.500 : 0.855 :17.26 : 0.029 :26.48: 17.85 : L.10 :L.74:24.75: 0.718 2.94

: : 1.500 @ : 0,750 1 1,010 : 16.30C .: 0.0k6 :21.95:  13.4O ¢ §.10°:5.05:18.45: 0.849 ~ :1.19:%.01: 2,80

: : 2.000 1 1.000 5 1.160 ; 16.39 3 Q.081 319,02; "11.69 : . 5.10 :5.26:15,10: 0.982 : 1 2.78

: 2,500 ¢ £ 1.250 1 1,300 : 17.12 : 0.073 :17.81:7 11.16. : £.50 :5.00:15.35: 1.121 2.45

t 3.000 £ 1.500 @ 1.826 : 17.05 : 0.088 316.20: 10.13 : 7.50 :5.26:13.85: 1.218 s 2.70
t 3.500 + 1,750 ¢ 1.570 : 17.16 : 0.102 :15.39: G.46 : B.00 :5.10:12.95:°1.321 : 2.%
: b.000 2,000 @ 1.693 :.17.0% : 0.117 :1b.b7: 0 8,80 @ 8.90.:5.26:12.10: 1.L16 12.92
t L9500 102,250 @ 1.813 :17.05 : 0.132 :13.73: . 8.27 :°9.60 :5.26:11.20: 1.L92 T 3.10
: 5.000 $ 2,500 & 1.920 :°17.01 & 0.147 :13.06: 7.82 1 9.60 i5.10:1C.60: 1.558 :.3.20 "
T 5.500 2.750  : . 2.020 : 17.08 : 0.161 :12.55:  7.50 :10.50 :5.20:10.20: 1.6k2  :1.23.%.40: 1.20
t 6.000 3.000 2.110 :16.95 ¢ 0.177 :11.92: 7.10 :11.,00 :5.21: 9.65: 1.708  :1.24:5.44: . 3.30
0.102 : 1.000 : 0.500 0.970 . : 15.63 3 0.032  :30.31:° 15.4C : L.20 :L.33:21.25: 0.680 il v 2.51
t1.500 0.750 1.180 3 15.63 . : 0.Qb8  :24.58: "12.57 : 5.20 :b.41:17.30: 0.830 :1. £ 2.50
: 2.000 1.000 1.35% ¢ 15.87 ¢ 0.063 :21.49: 11,1 : 6.10 :L.51:15.35: 0.967 11, F- RN
t 2.500 :1.250 ¢ 1.543 2 16.23 : 0.077 :20.0L: 10.30 -: .80 :L.40:1L.15: 1,083 1. i 2.50
s 3.000 1.500 @ 1.72b 3 15.48 1 0.091 :18.95:  9.63 : 7.60 t4.41:13,20: 1.200 11, 1 2.9
i 3.000 1,500 1,720 : 16.30 : 0.092 :18.70: G.47 : 7.50 :h.36:12.95: 1.191 1. : 2.58
T 3.500 1,750 ¢ 1.890  : 16.36 : 0.107 :17.66:; B.82 : 8.20 :4.34:12.10: 1.297  :l. 1 2.75
: 4.000 2.000 2.060 : 16.53 : 2,121 :15.84:  B8.37 ¢ 8.80 :4.31:11.40: 1.379 @, 2.2 .
+ 4.500 2.250 2.152 3 16.42 & 0,137 :35.T1: 7.82 ¢ 3,40 :4.37:10.60: 1452 1l 1 2.70
: 5.000 2.500 2.300 : 15.45 & 0.152 :15.13: 7.4 20,00 :4.34:10.10: 1.5 . s 2.15
5.500 2.750 2.550 : 15,13 @ 0.17C :lk.B1:r 46.91 :10.60 :h.33: 5.35: 1.590 ). 1 285
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Table 6--Continued

STILLING BASINS WITH SLOPING APRON

Case D, Basin ¥V
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wvater depth, tabulated in Colunn 6, is the depth measured at the end of
the jump, corresponding to the depth at Section 2 on Figure 27D.

The retio %v_’ (Column 9, Table 6) is plotted with respect to
the Froude number (Column 10) for sloping aprons having tangents of 0 tn
0.30 on Figure 28. Superimposed on Figure 28 arc data from Kindsvater, 5/
Hickox, 5/ Bahkmeteff, 1/ and Matzke.6/ The agreement is within experi-
mental error. The small chart on the right of Figure 28 shows the ratio
of tail water depth, for & continuous sloping apron, to conjugate depth,
for a horizontal apron, for various slopes. ‘For example, if the tangent
of the slope is 0.10, a tail water depth equal to 1.4 times the conjugate
depth will occur at the end of the jump; while if the slope of the floor
is 0.30, the tail water depth oL the end of the jump will be 2.8 times
the conjugate depth required for a horizontel apron. The conjugate
depth, Dp, referred to here, is listed in Column 1k, Table 6 for each
run, and was computed by assuming that the hydraulic jump forms on a
horizontal floor which begins at Section 1. The ‘imaginary horizontal
flcor is indicated by the dash line on Figure 27D. The conjugate depth,
Dp, arrived at in this manner, is merely a reference [igure which will
be used frequently throughout this discussion. It was obtained by
entering the curve for zero slope on Figure 28 with the various values
of the Froude number listed in Column 10, and reading off values of D2
which are tabulated in Column 13. Values of D; were then obtained
by multiplying the values in Column 13 by the values ia Coluwmn 8,

Length of Jump {Case D)

The length of jump for the Case D experiments has been pre-
sented in two ways. First, the ratio length of jump to tail water
depth, Column 12, was plotted with respect to the Froude number on
Figure 29 for sloping aprons having tangents from C to 0.25. Secondly,
<he ratio of length of jump to the conjugate tail water depth, Column 16,
Table 6, has been plotted with respecct to the Froude number for the came
range of slopes on Figure 30. Although not evident on Figure.29, it can
be seen from Figure 3C that the length of jump on a sloping apron is
longer than that which occurs on a horizontal floor. For example, for a

Froude number of 8, the ratio %? varies from 5.1, for a horizontal apron,
to 7.0, for an apron with a slope of 0.25. Length determinations‘from
Kindsvater 5/ for a slope of 0.167 are also plotted on Figure 29. The
points show & wide spread.

Expression for Jump on Sloping Apron (Case D)

Several mathematicians and experimenters have'developed
expressions for the hydraulic jump on sloping aprons, 2/ 2/ é/ lﬁ/ S0
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there is no need to repeat eny of these derivations here. An expression
presented by Kindsvater 2/ is the more common and perhaps the more
practical to use.

Dp _ _ 1 BFl?cos3¢ : (s)

Dy  2cos @ | 1+2K tan @ * ; -1 >
All symbols have been referred to previously, except for the coefficient
K, a dimensionless parameter called the shape factor, which varies with
the Froude number and the slope of the apron. Kindsvater and Hickox
evaluated this coefficient from the profile of the jump and the measured
floor pressures. Surface profiles and pressures were not measured in the
current tests but, as a matter of interest, ‘K was.computed from
Expression 5 by substituting experimental values and solving for K. The
resulting values of K are listed in Column 17 of Table 6, and are shown
plotted with respect to .the Froude number for the various slopes on
Figure 31A. Superimposed on Figure 31A are data from Kindsvater for a
slope of 0.167, and data from Hickox on a slope of 0.333. The agreement
is not particularly striking nor do the point plot well, but it should be
remembered that the value XK is dependent on the method used for determining
the length of jump. The current experiments indicate that the Froude
number has little effect on the value of K. Assuming this to be the case
values of individual points for each slope were averaged and K is shown
pletted with respect to tan ¢ on Figure 31E.. This phase is incidental
to the study at hand and has been discussed only as a matter of record.

Jump Cheracteristics (Case B)

Case E is the one usually encountered in sloping apron design
where the 'ump forms both on the slope and over the horizontal portion
of the apron (FPigure 27B). Althousgh this form of ump may appear quite
somplicated, it can be readily analyzed when approaeched from a practical
standpoint. The primary concern in sloping apron design is the tail
water depth required to move the front of the jump up the slope to
Section 1, Figure 278. There is little to be gained by a sloping apron
unlese the entire length of the sloping portion is utilized,

Referring to the sketches on Figure 324, .it can be observed that
or & tall wvater equal to the conjugate depth, Dp, the front of the jump
wiil oecur at a point 0, a short distance up ‘the slope. This distance is
noted as 1y and varies with the degree of slope., If the tail water depth
is increased a vertical increment, AYj;, it would be reasonable to assume
that the front of the jump would raise a correspcnding increment.  This
is not true, the jump profile undergoes an immediate change as the slope
becomes part of the stilling basin. Thus, for an increase in tail water
depth, &Yy, the front of the jump moves up the slope to Point 1, or

~
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moves a vertical distance 4&'Yi, which is several times A Y). Increasing
the tail water depth a second increment, say & Yp, the same effect occurs
to a lesser degree, moving the front of the jump to Point 2, Additional
increments of tail water depth produce the same effect but to a still
lesser degree, and this continues until the tail water depth approaches
1.3D,. For tail water depths greater than this amount, the relation ‘

is geometric; an ircrease in teil water depth, & Y), moves the front of
the jump up the slope an equal vertical distance A;Yu, from P01nt 3 to k.

From the above discussion, it is evident that the change in
profile produced by allowing the jump:to move onto the slope is very
much in favor of the designer. Should the slope be very flat, as in
Figure 32B, the horizontal movement of the front of the jump is cven
nore pronounced. The following studies were made to definitely tabulate
the characteristics described above for conditions encountered in design.
It has been necessary in the past to check practically all sloping apron
designs by model studies to be certain that the entire sloping portlon
of the apron was utilized.

Experimental Resuits (Case B)

The experiments for determining the magnitude of the above
mentioned characteristics were carried out on a large scale in Flume D,
and the results are recorded in Table 7. A sloping floor was placed in
the flume as in Figure 27B. A discharge was established (Column 3,
Table 7) end the depth of flow, D; (Column 6) was measured immediately
upstream from the front of the Jjump in each instance. The velocity
entering the jump, Vy, (Column T) and the Froude number (Column 8) were
computed. Entering Figure 28 with the computed values of Fj, the ratio

D2 (Column 9) was obtained from the line labelled “Horizontal apron.”

Multiplying this ratio by Dy results in the conjugate depth for a hori-
zontal apron which is listed in Column 10 of Table 7. The tail water
was then set at conjugate depth (Point O, Fipure 32) and the distance,
lo, measured and tabulated. The dlstance 1o gives the position of the
front of the jump on the slope, measured from the breah in slope, for
Pon1uwate depth. The tail water was then increased, moving the front of
the jump up to Point 1, Figure 32. Both the distance 1y and the tail
water depth were measured, and these are recorded in Columns 11 and 12,
respectively of Table 7. The tail water was. then raised, moving the
front of the jump to Point 2 while the length 1» and the tail water
depth were recorded. The same procedurc was repeated until the cntire
apron was utilized by the jump. In each case, Dy was measured immediately
upstream from the front of the jump, thus compensatins for frictional
resistance on the slope. The velocity, V;, and the Froude number were
computed at the same location. The tests were mede for slopes with
tangents varying from 0.05 to 0,30, and in some cases, several lengths
floor were used for each slope, as indicated in Column 15 of Table 7.
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The resulting lengths and tail water depths, divided by the
conjucate depth, are shown in Columns 13 and 1 of Table 7, and these
values have been plotted on Figure 33. The horizontal length has been
used rather than the vertical distance, AY, as the former dimension is
mere convenient for use. Figure 33 shows that the straight lines for
the seometric portion of the graph tend to intersect at a common point,

%? = 1 and g% = 0,92, The change in the profile of the jump as it moves

from A harizdntal floor to the slope is evidenced by the curved portion
of the lines, ‘

Case C, Figure 27, is the upper extreme of Case B; and as
there iz practically no difference in the performance for Cases D and C,
datz for Case D (Table 5) can again be utilized. By assuming that a
horizontal floor begins at the end of the jump in Case D, Columns 15 and
15 of Table & can be plotted on Figure 33. In addition, data from
experiments by D. D. Rindlaub of the University of California, for a
slope of 0.217, have been plotted on Figure 33. The agreement of the
information from the three sources is very satisfactory. :

Length of Jump (Case B)

1t is sugpgested that the length of jump for Case B be obtained
from ¥igzure 30. Actually, Fipgure 30 is for continuous sloping aprons,
but these lengths can be applied to Case B with but negligible error.
In some cases the length of jump is not of particular concern because it
may not be economically possible to design the basin to confine the entire
Jjump. This is especially true when sloping aprons are used 'in conjunction
with medium or high concrete overfall dems where the rock in the river bed
is in fairly good condition. When sloping aprons are designed shorter than
the length indicated on Figure 30, the rock in the river downstream must
act a3 part of the stilling basin. On the other hand, when the gquality
of foundation material is questionable, it is advisable to make the apron
sufficiently long to confine the entire jump, Figure 30.

“xisting Structures

To determine the practical value of the methods given for the
design of sloping aprons, existing basins employing sloping aprons were,
in effect, redesigned using the current experimental information. Per-
tinent data Tor 13 existing spillways are tabulated in Table 8. The
slope of the spillway face is listed in Column 3; the tangent of the
sloping stilling basin apron is listed in Column 4; the elevation of
the upstreem end of the apron, or front of the jump, is listed in
Colwmn 7; the elevation of the end of the apron is listed in Column 8;
th= fall from headwater to upstream end of apron is tabulated in Column 9;
and the total discharge ic shown in Column 1l. Where outlets discharge
into the spillway stilling basin, that discharge has also been included
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Table &

FALATING STILLING BASINS WITH SLOPING APRONS

: : Fall : : H H
iSlope of: H :Elevation:Elevation :headwater:flesad on H Q T Max : H 2 : h l+h
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H H = : spron f< : ft : spron : apron : apron ¢ e H cfs : e :+ ft : apron : apron :of spron
H 3 : tan # s : H : <3 ' : H 4 [£3
(1) : (2) : i (8) (5) + (8) = 7 : : {9) : (10) : {11) @ (12) (16)
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in the total. The length of the sloping portion of the apron is given in
Column 1h: the length of the horizontal portion of the apron is given'in
Column 15; and the over-zll length iz given in Column 1£. Columns 17
through 27 are computations similar to those performed in the previous
table.

The lower portion of the curves of Figure 33 have been repro-
duced to a larger scale on Figure 34. The courdinates from Columns 26
and 27 of Table 8 have been plotted on Figure 34 for each of the 13
spillways. ross scctions of the basins are shown on Figures 35 and 36.
Taking the stilling basins in the order shown on Figurc 34, we find that
the basin apron is not completely utilized for the maximum discharge
condition at the Shasta Dam. This discharge includes both spillway and
outlet works. The tail water depth is more than sufficient for the junp
to utilize the entire stilling basin apron at Capilano Dam; and the full
apron length is utilized at Frient, Madden and Norris Dam spillways.
The entire apron lcngth will not be utilized for the maximun discharge
at Canyon Ferry Dam. 1In this case the apron was dfqlgned for a discharae
of 200,000 cfs but the stilling basin will operate. du 250,000 cfs without
sweeping out. Heswick shows a deficiency in tail water depth for utili-
zation of the entire apron, but this is compensated for, to some extent,
by large spreader teeth at the upstream end of the apron.  ‘For the pre-
liminary and final basin designs for the Bhakra Dam spillway, both
utilize practically the full length of apron. The Jjump will-not occupy
the full leangth of apron for maximum. discharre on Qlympus, Folsom, or
Rihand Dam spillways. The models of the latter two structures actually
showed this to be true. The full length of epron will be utilized by
the jump for the stilling basin at Dickinson Dam.. This was. an earth
dam spillway in which appurienances were used in the basin.

All of the structures listed in Table 8 and shown on Figures 35
and 36 were designed with the =2id of wmodel studies. The degree . of
conservatism used in eachk case was dependent on'local conditions.and the
individual designer. - ‘ ‘

The total lengths of apron provided for the -above 13 existing
structures are shown in Column 16 of Table 8. The lensth of jump for
the maximum discharge condition for each case is tabulated in Column 26
of the same table. The ratio of total length of apron to length of jump
i5 shown in Column 30. The iotal apron lensth ronges from 30 to 83
percent of the length of jump; -r considering the 13 structures
collectively, the average intal lenth of apron is 60 percent of the
length of the jump.
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Evéluation of Sloping Aprons

A convincing argument, guoted by the laboratory in the past,
has been that sloping aprons should be constructed in such a way that the
jump height curve matches the tail water curve for all discherge condi-
tions. This procedure results in what has been designated a tailor-meade
basin. Some of the cxisting basins shown on Figures 35 and 36 were
designed in this manner. In light of the current experiments, it was
discovered that this course is not the most desirable approach. 'Instead,
matching the jump height curve with the %ail water curve should be a
secondary consideration, except for the maximum discharge condition.

Thus the first consideration in design ‘is to determine the
epron slope that will involve the minimum amount of excavation, the
minimum amount of concrete, or both, for the maximum discharge and tail
water condition. It is felt that thls is the prime consideration., ™ Only
then is the jump height checked to determine whether the tail water depth
is adequate for the intermediate discharges, It will be found that the
tail water depth usually exceeds the required jump height for the inter-
mediate discharges. This may result in a . slightly submerged condition
for intermediate discharges, but this is usually very acceptable operation.
Should the reverse be true, the tail water depth is insufficient for
intermediate flows, it may be necessary to drop the sloping portion of
the apron, change the slope, use a horizontal basin, or no change may be
necessary so long as the basin is adequate for the most adverse interme-
diate flow. In other words, it is not necessary for the front of the
jump to form at the upstream end of the sloping apron for intermediste
discharges provided the tail water depth and length of basin are considered
edequate. This method of attack leaves -the designer free to.choose any
reasonable slope he desires, as the tests showed that the slope of the
apron had little effect on the effectiveness of the stilling basin action.

It is not possible to standardize on sloping apron design nearly
as much as for the horizontal aprons, as much more individual judgment is
required. The slope and over-all shape of the apron must be determined
from economic reasoning, while the length must be judged by the type and
soundness of the roeck of the river bed .downstream. The existing struc-
tures shown on Figures 35 and 36 should serve as & guide in proportioning
future sloping apron designs.

Sloping Apron Versus Horizontal Apron

A point, which it is felt has been misunderstood in the past
with regard to horizontal aprens for high dams, can now be clarified.
The Bureau has constructed very few stilling basins with horizontal aprons
for its larger dams. It has been the consensus that the hydraulic jump
on a horizontal apron is very sensitive to slight changes in tail water
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depth. This is very true for the larger values of ‘the Froude number,
but this characteristic can be remedied. Suppose a horizontul apron is
designed for a Froude number of 10. The basin will operate satisfac~
torily for conjugate tzil water depth, bul as the tail water is lowered.
to 0.96Dp the front of the jump will begin to move. By the tlime the tail
water is dropped to O. 96D2, the jump will probably. be completely out of
the basin. Thus to design a stilling basin in this range the tail water
depth must be known with certainty or a factor of safety should be pro-
vided in the design. To guard against a deficiency in tail water depth,
the same procedure is suggested here as for Basins I:and II.. Referring
to the minimum tail water curve for Besins I and IJ on Figure 11, the
marzin of safety can be observed for any value of ‘the Froude number,.

It is recommended that the tail water depth for maximum discharge be at.
least 5 percent larger than the minimum shown on Figure 1l. For values
of the Froude number greater than 9, 2 10 percent factor .of safety may
be advisable as this will not only stabilize the jump-but will improve
the performance. With the additional tail water deptn, the horizontal
apron will perform on a par with the sloping apron.  Thus the primary
consideration in desipn need not be hydraulic but structural. - The basin,
with either horizontal or sloring apron, which can be constructnd at the
lecast cost 1s the most desirable,

Effect of Slope of Chute

A factor which occasionally affects stilling basin operation is

the slope of chute entering the basin. The foregoing experimentation was
sufficiently extensive to shed some light on-this factor. The tests
showed that the slope of chute upstream from the stilling basin was
unimportant, as far as jump performance was concerned, so long as the
velocity distribution in the jet entering the jump was reasonably uni-
form. 1In the case of steep chutes or flat short chutes, the velocity
distribution can be considered normal. The principal difficulty is
experienced with long flat chutes where frictional resistance on bottom
and side walls is sufficient to produce a center velocity greatly exceeding
that on the bottom or sides. When this:happens, greater activity resulta
in the center of the stilling basin than on the sides producing an
assymetrical jump with strong side eddies. This same effect is also
witnessed when the angle of divergence of a chute is too great for the
water to follow properly. In either case the surface of the jump is
unusually rough and choppy and the position of the front of the jump is
not always predictable.

In the case of earth dam spillways the practice has been to make
the upstream portion unusually flat, then steepen the slope to 2:1, or
that corresponding to the naturzl trajectory of the Jjet, immediately
preceding the stilling basin, Figure 1A, which shows the model spillway
for Trenton Dam, illustrates this practice. Bringing an unsymmetrical Jjet




into the stilling basin at a'steep angle usually dces aid in stabilizing
the jump. This is not effective, however, where very long flat slopes.
are involved and the velocity distribution is completely out of balance.

The most adverse condition has been observed where long canal:
chutes terminate in stilling bacins. A typical example is the chute and
basin at Station 25+I5 on the South Canal, Uncompahgre Project, Colorado’
Figure 37. The operation of this stilling basin .is: not particularly
objectionable, but it will serve as an illustration. The above chute is
approximately TOO feet long with a slope of 0.(B92. The stilling basin at
the end is also shown on Figure 37. A photograph of the prototype basin
operating at normal capacity is shown on Figure 38. The action is a
surging type, the jump is unusually rough, with a great amount of splash
and spray. Two Tactors contribute to the rough operation‘ ‘the -unbalanced
velocity distribution in the entering jet and excessive: divergence of the
chute in the steepest portion,

A definite improvement can be accomplished -in:future designs,
where long flat chutes are involved by utilizing the Type III basin
described in Section 3. The baffle blocks on the floor-tend to alter
the unsymmetrical jet, resulting in an over=-all improvement in operation,
This is the only corrective measure that can be suggested at this time.

Recommendations

The following rules have been devised for the de51gn of sloping
aprons as developed from the foregoing experiments: :

" 1. Determine an apron arrangement which will give thevgreatest
economy for the maximum discharge condition. This is the governing
factor end the only justification for using & sloping-apron.

2. Position the apron so that the -front of the jump will form
at the upstream end of the slope for the maximum discharge and tail
water condition by means of the information on Figure 34, Several
trials will usually be required before the slope and location of the
apron are compatible with the hydraulic requirement. It may be
necessary to raise or lower the apron, or change the original slope
entirely. :

3. The length of the junp for maximum or partisl flows can be
obtained from Figure 30. The portion of the jump to be confined on
the stilling basin apron is a decision for the designer. In meking
this decision, Figures 35 and 36 may be helpful. The average over=-all
apron in Figures 35 and 36 averages 60 percent of the length of Jump
for the maximum discharge condition. The apron maey be lengthened or
shortened, depending upon the quality of the rock in the river bed and
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other local conditions, If the apron is set upon loose material and
the rock downstream is in poor condition, it may be advisable to make.
the total length of apron the same as the length of jump.

L, With the apror designed properly for the maximum discharge
condition, the next step is to be certain that the teil water depth
and length of basin are suff'icient for, say, l/h, l/?,‘and 3/k
capacity. If the tail water depth is sufficient or in excess of the
Jump height for the intermediate discharges, . this-design is acceptsble.
If the tail water depth is deficient, it may then be necessary to try
a flatier slope or reposition the sloping portion of the apron., It
iz not necessary that the front of the jump form at the upstream end
of the sloping apron for partial flows. .In other words, the front of
the jump may remain at Section 1 (Figure 27B), move upstream from
Section 1, or move down the slope for partial flows, providing the
tail weter depth and length of the apron are considered sufficient for
these flows. ~ o : o

5. A horizontal apron will perform on a par with the sloping
apron, for high values of the Froude number, if +the proper tail water
depth is provided. o g :

6. The slope of the chute upstream-from a stilling basin has
little effect on the hydraulic jump so long as the velocity distribu-
tion and depth of flow 2re reasonably uniform on entering the jump. =

7. A small solid triangular sill, placed at the end of the apron,
is the only appurtenance needed in conjunction with the sloping apron.
It serves to lift the flow as it leaves the apron and thus acts to
control scour, Its dimensions are not critical; the most effective
height is between 0.05Do and 0.10D» and a slope of 3:1 to 2:1 (see
Fisures 35 and 36). R o

A spillway should be operated to produce as nearly symmetrical
flow in the stilling basin as possible. (This applies to all stilling
basins.) Unsymmetry produces large horizontal eddies that can carry river
bed material onto the apron. This materiel, motivated by the energy in
the eddies, can abrade the apron and appurtenances in the basin at a
very surprising rate. These eddies can also undermine wing walls and’
settle riprap. Unsymmetrical operation is expensive operation, and
operators should be continuously reminded of this fact.

Where the discharge over high spillways exceed 500 cfs per foot
of apron width, or where there is any form of unsymmetry involved, a
model study is advisable. For the higher vealues of the Froude number,
stilling basins become increasingly expensive, and the performance less




acceptable. Thus, where practical, & bucket type of dissipator may
serve the purpose better and more economically than & stilling basin.
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